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The transfer of sparingly soluble gases acrosaith@ater interface has significant
effects on the distribution of the constituentaguatic ecosystems. Gas-liquid transfer
rate determines the flux of the sparingly soluldseas driven by the concentration
difference. Considerable stream-driven gas-liqeadgfer rate formulae have been
developed. They have reasonable predictions indimensional uniform flows.

However, their applications in more complex casehas three-dimensional flows are
problematic. Furthermore, the wind effects areimodrporated into these formulae. New
models need to be developed for gas-liquid transterin three-dimensional flows that

incorporate the effects of both wind and streamflbwthis study, first, a model of
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gas-liquid transfer rate in non-isotropic turbul&atvs is developed. Second, a general
stream-driven gas-liquid transfer rate model isadgwed for the normal ranges of water
depth and flow velocity in natural rivers. Thirdwind-stream-driven gas-liquid transfer
rate model is developed. Fourth, a model of surfanewal rate caused by turbulence
from transition location of shear flows is develdp€gifth, a gas-liquid transfer rate
model for wind and dynamic three-dimensional floxgtems is developed. A computer
program is coded and applied to various cases $iomple one-dimensional uniform flow
systems to complex wind and dynamic three-dimemditlow systems. A specific model
can be selected from the series models for a spagiplication based on the application

requirements and the acceptable computation coritylex

Key words: gas-liquid transfer rate, model, strdamfwind, dynamic three-dimensional

flow
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CHAPTER |
INTRODUCTION

1.1. Introduction of the study

The transfer of sparingly soluble gases acrosaith@ater interface has significant
effects on the distribution of the constituentaqguatic ecosystems. For example,
dissolved oxygen and carbon dioxide play importalgs in biological and chemical
processes. Volatile pollutants like polychlorinab#phenyls (PCB) have significant
effects on water quality. As Eq.1 shows, gas-liquashsfer rate determines the flux of the
sparingly soluble gases driven by the concentratiiarence (Chapra 1997):

N=K.(C -C,) (1-1)
where N = gas flux, kg/(fs); K. = gas-liquid transfer rate, m/s; €gas concentration at
air-water interface, kg/fnand G = gas concentration in bulk water, k§/idarious
factors such as streamflow, wind, wave breaking, iafluence the gas-liquid transfer
rate. In rivers, streamflow is the predominantdacin wind-driven systems, wind is the
predominant factor; in complex water bodies lildatiestuaries, multiple factors are

significant and they need to be considered commsbely.
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Two Film Theory and Surface Renewal Theory are ¢lassical theories that have
been established to describe the gas-liquid tranafe. The Two Film Theory (Whitman
1923, Lewis and Whitman 1924) is based on the gssomthat an air phase and a water
phase are separated by thin boundary layers whictral the gas transfer from the bulk
air to the bulk water. However, the thickness efttin boundary layers are difficult to
determine. The Surface Renewal Theory (Danckwé&®d 1Danckwerts 1953; Higbie
1935) assumes that water parcels are brought tine twater surface where gas transfer
occurs and then taken down to the water column thigrentrained gas. The frequency of
this movement is described with the surface reneatal The gas transfer process varies
with the contact time of the water parcels at tlaewsurface, which is difficult to
determine.

After these two classical theories, several modele established to overcome the
disadvantages of the Two Film Theory and the SerRenewal Theory. Fortescue and
Pearson (1967) developed a Large Eddy Model whstdbéshed the relationship
between the surface renewal time and the underiyatgrside turbulence. This model
was based on the observation that the water suirfa@eers is disturbed mainly by large
eddies with low frequency. In this model, eddies @assumed to sweep fresh liquid across
the air-water interface where the gas transfer igcdihen, the eddies are dissipated in the
bulk of the absorbing medium. The Small Eddy Md@&ezlnerjee 1968; Lamont and Scott

1970) indicated that the smallest eddies renevibdmdary layer at the water surface
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most frequently. Thus, the smallest turbulent esldiere considered to control the
renewal processes. The Surface Divergence Modelkfise 2004) was developed based
on the experimental observation of upwelling anddtted vortices (Kumar and Banerjee
1998). Using the Blocking Theory (Hunt and Grah&i8), Banerjee related the surface
divergence field to the bulk turbulence scales witdad to the Surface Divergence
Model expression.

Considerable empirical formulae such as Liss andii (1986), Wanninkhof
(1992), and Wanninkhof and McGillis (1999) haverbestablished for wind-driven
gas-liquid transfer rate. A semi-empirical formofawind-driven gas-liquid transfer rate
was developed by O'Connor (1983). When wind shieassis exerted on water surface,
a hydrodynamic roughness is established and itkribss increases with the wind speed,
which has significant effects on gas-liquid transéte at air-water interface. Asher and
Wanninkhof (1998) developed an empirical formulavale-breaking gas-liquid transfer
rate.

The gas-liquid transfer rate could be affected lojtiple factors simultaneously.
However, most of the existing studies focused smgle factor; while a few studies
considered two factors by combining their respecémpirical formulae. In the
wind-streamflow systems, the total gas-liquid tfansate was considered as the
arithmetic addition of gas-liquid transfer rate sadi by streamflow and wind respectively

(Chu 2003; Woolf 1995). When wave breaking existéhe water bodies, the area
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proportion of the whitecap was used to relate ffexes of non-breaking waves and those
of breaking waves (Asher et al., 1995).

For stream-driven gas-liquid transfer rate, Col&7@) indicated that multiple
formulae need to be employed for applications ffedent ranges of water depths and
flow velocities in natural rivers. Furthermore, floemulae for the gas-liquid transfer rate
(KL, m/day) due to water column advection is expregséide form of:

u® (1-2)

where U = water flow velocity, m/s; H = water deptin and A, B and C = reaeration rate
constant coefficients. These formulae work welldoe-dimensional uniform riverine
reaeration. However, for applications in complestexdodies with three-dimensional
flow fields, it is not clear to what extent the gxig formulae are applicable to these
conditions. And, even if the existing formulae applicable, what water depth and flow
velocity should be used in the formula? For exammplstratified estuaries, the flows in
different layers have different magnitudes anddaioms. Thus, the use of total water
depth and average flow velocity in the formulanisarently problematic.

This study will use International System of Uni8)( The exceptions in this study

will be specified.
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1.2. Objectives of the study

The objectives of the proposed work are first,ual@ate the existing formulae of
gas-liquid transfer rate; second, to develop astrdriven gas-liquid transfer rate model
which has general applications for the normal rargfevater depths and flow velocities
in natural rivers; third, to develop a gas-liquidrtsfer rate model with the combined
effects of wind and streamflow; and fourth, to depea gas-liquid transfer rate model for

the complex wind and three dimensional flow systems

1.3. Outline of the study

Chapter 1 presents the application problems anghliions of the existing gas-liquid
transfer formulae and the demand for new formuldke more general application ranges.
Chapter 2 is the literature review of the past wadwke on gas-liquid transfer rate.
Chapter 3 develops a stream-driven gas-liquid teamate model which has general
application for the normal ranges of water deptit ffow velocities in natural rivers.
Chapter 4 develops a gas-liquid transfer rate maitblthe combined effects of wind
and streamflow. Chapter 5 develops a formula daserrenewal rate caused by the
turbulence generated at the transition locatioshegar flows. Chapter 6 develops a
gas-liquid transfer rate model in wind and dynathree-dimensional flow systems.

Chapter 7 discusses the conclusions of this study.
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CHAPTER Il
LITERATURE REVIEW

Gas transfer through an air-water interface isrecem among various research areas
such as water resources, environmental enginednyaulics, chemical engineering,
mechanical engineering, and oceanography. Thisegsocould be affected by multiple
factors such as streamflow, wind, wave breakingastants, rain, dropletss, buoyancy,
etc. Considerable research has been done by fgcasionly a single factor with a few
researchers focusing on two factors. Mass tratisémries and turbulent theories are the
major theoretical bases of the gas-liquid trangfecesses.

In this study, only the transfer rate of low so&igbses such as dissolved oxygen,
carbon dioxide, and gas phase polychlorinated Ioiplkg PCB) will be discussed. When
gas is transferred from air to water, both thgoh@se and the water phase have resistance
to the gas transfer. For low solubility gases,whager phase resistance is dominant and

the air phase resistance is negligible as it islmmngaller than that of the water phase.
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2.1. Fick's Law
The flux of chemicals across an air-water interfgogetermined by Fick's Law
(1855) (Weber 2001).
N=DIC (2-1)
dx
whereN = mass fluof chemical per unit surface area, kgff@n D = diffusion
coefficient, ni/s, C = gas concentration, kginand x = distance perpendicular to

air-water interface, m. The gas transfer flux wél zero if the ratio of concentration in air

over that in water is equal to the Henry’s Law ¢ant

g - Ca (2-2)

where H = Henry’s Law constant; = gas concentration in air, kginand G, =

concentration in water, kgfn

2.2. Relationships between the transfer rates of ffierent gases

Different research areas focus on the gas-liqaidstier processes of different gases;
e.g. dissolved oxygen is the major concern in @mrirental engineering and carbon
dioxide is the major concern in oceanography. Timdlarity of the transfer processes of
different low solubility gases allows the conversaf transfer rates among different low

solubility gases. The related conversion relatigmshre described with Schmidt number:

sg ) (2-3)
Kia =K [S_((‘;':}
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where K, = gas-liquid transfer rate of gas a, ns; = gas-liquid transfer rate of gas b,
m/s; Sg = Schmidt number of gas a;,.3¢ Schmidt number of gas b; and x = Schmidt
number dependence that is -2/3 for smooth surfacés1/2 for rough surfaces (Donelan,
et al. 2001). The Schmidt number (Sc) is a dimeriegs number which equals te /D,
with v as kinematic viscosity, a property of the matefidle Schmidt number is used to
characterize fluid flows with convection processassed by simultaneous momentum
and mass diffusion (Munson, 1994).

With this relationship, the transfer rates of diffiet gases including oxygen, carbon
dioxide, PCBs, etc. are related. With the transdée of one gas, the rates of other gases
can be calculated by this relationship. In the sextions the existing gas transfer
theories, models and formulae will be reviewed. fidhgew will be on not only the
reaeration rate of dissolved oxygen but also thesfier rates of general low solubility

gases.

2.3. Gas transfer theories and models

2.3.1. Two-film theory

2.3.1.1. Introduction
Two-Film Theory is a classical theory of gas-liqtidnsfer rate developed by

Whitman in 1924. As Figure 2.1 shows, this modsliages that bulk air flow and bulk
8
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water flow are turbulent; while the friction at tag-water interface damps turbulence
and two thin layers of stagnant fluids exist intbafater side and air side at the air-water
interface. As molecular diffusivity is much smaltean turbulent diffusivity, these two
thin stagnant layers are dominant in resistinggéee transfer from air to water.
Furthermore, for low soluble gases, since the teast® in the thin stagnant layer in the
water side is much bigger than that in the air,dide gas-liquid transfer rate is controlled
by the water side resistance. Thus, for theserspigirsoluble gases, typically only the
thin stagnant layer in the water side resistancemsidered in developing the gas-liquid

transfer rate model and the air side resistangg@ed (Chapra 1997).

AN

Oxygen mass
transfer

Gas film C _
i Two-film layer at

air-water interface

Cq

Liquid film

G

v H
C = Oxygen concentration, kginH = water depth, m; &= Oxygen concentration in

bulk gas, kg/my Ci = Oxygen concentration in two-film layer, kg#nand G = Oxygen
concentration in bulk liquid, kg/n

Figure 2.1 Two-film Theory schematic diagram
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2.3.1.2. Formula

The gas flux based on the Two-Film Theory is asafith 1997; Whitman 1924):

Pg
N = Vy (H_ - CI ) (2'4)

e

WherePy = gas pressure in the bulk gas, Ri/e = Henry's law constant; G liquid
concentration in the bulk liquid; = net transfer velocity across the air-water iiaies,

m/day, which can be calculated with:

v, =K, AF (2-5)

H,+RT, Ky
Kig |

where T, = temperature in bulk air, K; K= mass transfer velocity in liquid layer, m/day;

Kiq = mass transfer velocity in gas layer, m/day; Rrelideal gas constant.

2.3.1.3. Evaluations

The Two-film Theory provides a simple model to désethe process of oxygen
mass transfer. But the thin stagnant layers aaitheater interface are assumptions in the
Two-film Theory. In actual applications, it is ddtilt to theoretically determine the thin
stagnant layer thickness. It can be obtained exmettially. However, the experimental
results are obtained under specific conditionstand have limitation# general

applications.

10
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2.3.2. Surface Renewal Theory

2.3.2.1. Introduction

Surface Renewal Theory is another classical thebgas-liquid transfer rate which
is developed by extending the penetration theogn@Rwerts 1951; Higbie 1935). As
Figure 2.2 shows, the water parcel is brought upécarea near the air-water interface
for a period when gas transfers from air to wasecels. Then, the parcel is taken down
in the water column and another parcel is broughind repeats this process.
Danckwerts (1951) found the gas-liquid transfee nafs rarely affected by the time
between renewals which ranged from random to peribthe mean time between

renewals was the same (Chapra 1997).

IKL Air
=
1

Water parcel

Air-water interface

Water

7 P
Bed

Figure 2.2 Surface Renewal Theory schematic diagram
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2.3.2.2. Formula

The surface renewal theory is described as (Chapay,):

D
N:J;@ﬁQ) (2-6)

where G = concentration at air-water interface, ki/@ = concentration in bulk water,
kg/nt; and t = surface renewal time of water parcelratvater interface, sec. Eq.2.6
shows that the gas-liquid transfer rate througiwairer interface is proportional to"®
This is proved by some experimental results foht8ghmidt numbers. High Schmidt
numbers often occur when no surface shear exisishwneans the wind speed is equal
to zero and streamflow turbulence is predominahts] the Surface Renewal Theory is
considered to explain the contribution of streamftorbulence to gas transfer (Chapra,

1997).

2.3.2.3. Evaluations

The importance of this theory is that it shows thatgas-liquid transfer rate is
proportional to the square root of the gas moleatiffusivity, which means the
resistance to gas transfer is smaller than the gasemolecular diffusivity. However, the

surface renewal time of t is difficult to determidieectly.

12
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2.3.3. Eddy diffusivity-type approaches

2.3.3.1. Introduction

Eddy diffusivity-type approaches were introduced_byich in 1962 and Davies in
1972 in parallel with studies on the Surface Ren@waory. Many other researchers
including Mills and Chang (1973), Lee and Gill (¥9,7and Kitaigorodskii and Donelan
(1984) developed eddy diffusivity-type approachesias considered that eddy
diffusivity is predominant in gas transfer in theggroaches and thus they are similar to

the Surface Renewal Theory.

2.3.3.2. Formula
When turbulence is generated only from the waté&obg water column convection,
and related motion between air and stream flowd,ranother turbulence is generatsd

wave breaking, the gas-liquid transfer rateik as (Banerjee, 2004):

K, Sc®
U*

o 0.1 2-7)

whereu- = shear velocity which equals tﬁE’ m/s (Munson 1994); and Sc = Schmidt
0

number which equals tov /D, with v = kinematic viscosity, a property of the material.
An expression for the air side is in the similamfio(Banerjee, 2004):

/
KLSCaZ 3 B
u*

007 (2-8)

13
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2.3.3.3. Evaluations
Eq.2.7-2.8 show that gas-liquid transfer ratefisretion of the Schmidt number and
shear velocity. The turbulence generated fromid@ and that generated from water side

have different effects on gas-liquid transfer rate.

2.3.4. Large Eddy Model (LE)

2.3.4.1. Introduction

The Large Eddy Model is developed to find the catioe between the time
between renewals and the underlying water sideitence (Banerjee 1968; Fortescue
and Pearson 1967). In this model, the gas trarstansidered to be mainly affected by
eddy diffusivity (also referred to as turbulentfu#ivity) which is much larger than
molecular diffusivity. The magnitude of turbuleriffasivity is of the order of 1810°
times that of molecular diffusivity (Banerjee 19&®irtescue and Pearson 1967). Eddies
are supposed to sweep fresh water across the tar-imterface where gas transfer occurs.
Then, eddies dissipate in the absorbing mediunmaold he surface acts as a constraint
on possible motions since no normal velocity isva#ld at the surface. The mean mass
transfer is modeled as “a regular sequence of gt&gaare roll cells touching the surface,
moving as a whole with the local mean surface ugfo(Fortescue, 1967). This model
was based on the observation that the air-watéaim rivers is disturbed mainly by

large, low frequency eddies and the large eddeslaminant in gas transfer. The large
14
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eddies were considered as two-dimensional eddies #i was verified that shear flows

were dominated by two-dimensional roll eddies (Teamd, 1956).

2.3.4.2. Formula

The Large Eddy Model is formed as:

1
K, - 149 2V " (2-9)
- A

where U= streamflow velocity, m/s; antl = flow characteristic length, m.

2.3.4.3. Evaluations

The Large Eddy Model provided a connection betweenttansfer through air-water
interface and bulk turbulent flow characters. Theeveal time was calculated by
t~A/U. It is assumed that there is no normal velocitpss the air-water surface.
However, this is conflicted by some experimental olzéns. The eddies are assumed
to only obey mass conservation but not momentunsexvation. The eddies are
supposed to be a sequence of regular and steaaiseldt in actuality the eddies are

constantly varying.

15
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2.3.5. Small Eddy Model (SE)

2.3.5.1. Introduction

The Small Eddy Model indicated that the smallestiesirenew the boundary layer
most frequently. Thus, the smallest turbulent esldiere considered to control the
renewal process (Banerjee 1968; Lamont and Sco@)i@dited by Moog 1995). The
surfacerenewalatg r, in Surface Renewal Model is proportional te thverse of the

Kolmogorov time scale:

roc (£)% (2-10)
1%
3
eoc (2-11)
H

wheree = near-surface turbulent energy dissipation matés®; u- = shear velocity which

equals to\/z, m/s (Munson 1994and H = water depth,.m
0

2.3.5.2. Formula
The nondimensionalized gas-liquid transfer rat@etiog to the Small Eddy Model

is given by:

BL oK e R'SC (2-12)

whereRe = shear Reynolds number which equals-tdv; andSc= Schmidt number

which equals tov /D.

16
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2.3.5.3. Evaluations
The Small Eddy Model provided a connection betwgeshtransfer through air-water
interface and bulk turbulent flow characters. Thdace renewal time was calculated

with:

v 05
g .

wheret = surface renewal time, sec.

2.3.6. Surface Divergence Model (SD)

2.3.6.1. Introduction

Surface Divergence Model was established basebeoBlbcking theory and the
experiment observations of upwelling and attachmtices (Kumar and Banerjee 1998).
Blocking theory was proposed to “connect bulk tlgbae parameters to those near the
interface by superposing an image turbulence beldhe other side, which impedes
surface normal motions, redistributing the kinetnergy to surface parallel motions,
which are enhanced” (Hunt and Graham, 1978). Thdigtions by this theory have been
verified with experiments (Banerjee 1990).

As an approximation, the water-side interface-radrmelocity, U, can be written

as:

ou (2-13)

s

17
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wherez = surface-normal coordinate; angl z surface-normal coordinate value. It can be

related to the divergence of the interface-paratietions at the water surface as:

oJ
int: aU X —+ Y |int = 7/ (2'14)
OX oy

ouU

4

0z

where the quantity in parentheses is the surfacergence of the surface velocity field
fluctuations,U, = surface velocity at x direction, mi{$; = surface velocity at y direction,
m/s;y = velocity gradient,§ x = streamwise coordinate tangential to the mgvin
interface; y = spanwise coordinate tangential ®rttoving interface, and z = normal
coordinate.

In the circumstance of free shear air-water int&fahere the gas transfer with high

Sc occurs, the gas-liquid transfer rag is given by:

1/4

2
KLSC1/2 . Re;1/2 aU X n aU y (2'15)
U OX oy
int
where the subscript “int” denotes the interfacel Be = turbulent Reynolds number
which equals to W/v.
These introductions were further developed by redathe surface divergence field

to the bulk turbulence scales using Hunt and Gr&h&®78) blocking theory, which

lead to the Surface Divergence Model expressiomé¢Bae 1990).

18

www.manaraa.com



2.3.6.2. Formula
The expression of gas-liquid transfer ratg,in Surface Divergence Model is given

by:

K ! 3 s (2-16)

TL ~Sc?Re {0.3[ 283Re’ - 214Re? ﬂ

where Re= turbulent Reynolds number based on far-fieldgnal length scal& and

velocity scaleu (Banerjee et al. 2004).

2.3.6.3. Evaluations

Surface Divergence Model was developed to prohde¢lationship between direct
measurements of the hydrodynamic parameters arghgiéquid transfer rate to
overcome the disadvantages of Two Film Theory amfiaSe Renewal Theory. Then
Surface Diversity Model is easier to measure thansurface renewal time t in the
Surface Renewal Model. The method of scatteringighes on water surface and

measuring their trajectories is used to measurg (Kemar and Banerjee 1998).

2.4. Gas-liquid transfer rate formulae

2.4.1. Stream-driven gas-liquid transfer rate formuae
The one-dimensional gas transfer coefficients generally formulated as (Thorsen,

1999):
19
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K some e (22 (L) e
U D) \U°A 14
whereK, = gas-liquid transfer rate driven by streamflav kinematic viscosity of the
liquid, mfs™; D = molecular diffusion coefficient of gas?st ¢ = surface tension, N/m;
U = characteristic velocity of flow, m/s; and= characteristic length of flow, m. This
equation combined Schmidt numbey, ®/eber number \& and Reynolds numbereRA

simplified formula obtained from the above formidas below which can be used in

actual applications:

1 1 1
SRTEAR CARNER @19
D 1% A
Several riverine reaeration formulae such as O'©o#lobbins formula, Churchill
formula, and Owens and Gibbs formula have beenlojged (Chapra, 1997).

O’Connor-Dobbins formula is as:

U 05
Ky =393 5 (2-19)

Churchill formula is as:

K. = 5.026H— (2-20)

067

Owens and Gibbs formula is as:

U 067
KL = 532@ (2-21)

where K = gas-liquid transfer rate, m/day.

20
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2.4.2. Wind-driven gas-liquid transfer rate formulae

Wind is an important factor in affecting gas-liqurdnsfer rate. There are
considerable empirical formulae on wind-driven gqaid transfer rate at an air-water
interface. Some theoretical formulae explainedetifiects of wind on gas-liquid transfer
rate by introducing the concept of wind-inducedgimess. Wind was also considered as
a cause of waves which have important effects grligaid transfer rate. The effects of
wind-driven waves on gas-liquid transfer rate Wwélreviewed in the next section.

The wind has significant effects on gas transfexiratvater interface, which is
supported by the relationship between wind speddyas-liquid transfer rate on lake
surfaces (Macintyre et al. 1995; Liss and Merli{886). When wind blows over a water
surface, wind stress is exerted at the air-waterfece. The shear velocity is determined

by the wind speed at a specified height by a doafficient:

Wind Stress ™~ pall’ = ,oa?fU i (2-22)
where G = skin fraction coefficient.
The effects of wind on gas transfer at air-wategriiace were first discussed by
Inhoff and Fair in 1956. As they suggested, thedvan the air-water interface will
double the gas-liquid transfer rate; the wind-iretigvave will increase gas-liquid
transfer rate by ten times; and the whitecaps dusiave breaking or caused by dropletss
will increase gas-liquid transfer rate by one headtimes. Downing et al. (1955)

indicated that wind under 3 m/s will have no sigraht effects on gas transfer. Eloubaidy
21
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and Plate (1972) noted that the reaeration ratangilease significantly with the
wind-induced small waves when wind shear veloatirom 0.7 to 1.1 m/s. Banks (1975)

indicated that gas-liquid transfer rate may be prognal to the wind speed.

2.4.2.1. Empirical formulae

Considerable empirical formulae on gas transfairatvater interface driven by wind
have been developed. Kanwisher in 1963 found tastliguid transfer rate does not
change until the wave speed exceeds 3 m/s, anebises linearly with the square of the

wind speed from 3 m/s to 10 m/s. The suggestedutarim given by:

« _ D
" (200-60VW )x10°¢

(2-23)

where K = gas-liquid transfer rate, m/s, D = moleculafugiivity, mf/s, andw = wind
speed, m/s.

The research of Thames Survey Committee (1964¢aeration in Thames River
Estuary indicated the gas-liquid transfer rateaases linearly with wind speed at 10 m
above the water surface:

K, =(100+ 338N)x10°® (2-24)

Wanninkhof (1992) suggested a wind-driven gas-tiguansfer rate formula as:

1
1 o Sc) 2
K, =| ——— |[KW2| == (2-25)
: (3.6><105j l°[660j

where K. = gas-liquid transfer rate driven by wind; K = widriven gas-liquid transfer

rate constant coefficient and equals to 0.31 whentgerm wind data are used and 0.39
22
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when long-term climatological wind data are us#gs; = wind velocity at 10 m height,
m/s; Sc = Schmidt number for dissolved oxygen; thiedeading numerical term is a unit
conversion factor (cm/ho m/s).
Broecker and Siems (1984) presented an empiritiaeship for a smooth surface:
K, =CSc?® (2-26)
where C= wind-driven gas-liquid transfer rate constesfficient The relationship for a
rough surface is:

K, =CSc"? (2-27)

2.4.2.2. Boundary-layer models
Deacon (1977) presented a relationship to conreseliquid transfer rate with

Schmidt number and shear velocity in air side:

g 1/2
K, = 0.082Sc SL&] u, (2-28)
Pu

wherep, = density of air, kg/rh pw = density of water, kg/fnand u = shear velocity in
air side, m/s.

This formula came from the fact that the gas tramkf,, is proportional to the shear
velocity u, the ratio of momentum, the kinematic viscosityand mass m, molecular
diffusivity D to the power -2/3. Several assumpsiamderlie this relationship: e.g., the

surface is smooth, and the stress across the @ar wméerface is continuous. The formula

23
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works well only when the surface is smooth, butwell when waves occur (Deacon

1977).

2.4.2.3. Theoretical formulae

By employing the wind-induced roughness at thenater surface, O'Connor in
1983 and Kerman in 1984 developed the relationgbepween gas-liquid transfer rate
and wind speed for non-smooth air-water interf&oe.hydrodynamically smooth

surface, the liquid film transfer coefficient is'Cdnnor 1983):

1

D)** M2 s 2-29
KLSZ[_j [Cd pa} K_W ( - )
1% L

1—‘0
where K; = liquid film transfer coefficient for hydrodynaaally smooth surface, m/s;
= von Karman constant{" o = equivalent coefficient of viscous layer thickseand G =
drag coefficient. At higher wind speeds, the ligfilish transfer coefficient for

non-smooth surface is (O'Connor 1983):

1
2
<, [E. Pava /_CdW] (2:30)

KZ PV,

where K. = liquid film transfer coefficient for non-smoosiurface; z = roughness

thicknessy, = air kinematic viscosity; andg, = water kinematic viscosity.

2.4.3. Non-breaking wave gas-liquid transfer ratedrmulae
The wind-driven wave at the water surface is geieerhy the input of energy from

the wind and is dissipated by wave breaking. Ting land short water waves produce
24
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turbulence and orbital movements which cause coatitnansport of water from deeper
layers to the air-water interface as the SurfaceeRR@l Theory describes. Thus, the water
wave substantially increases the gas-liquid transte.

Waves increase gas transfer across air-water awety about three orders in
magnitude (Boettcher 2000). The increase comes $eraral reasons: increased surface
area, bubble-mediated gas transfer, thinned subagedary layer, and induced transport
and mixing in surface and bulk flow. A single modetoduced by Woolf in 1997
explicitly separates “breaking” and “non-breakirggntributions with whitecap coverage
percentage.

When a non-breaking wave occurs, the water suramains simply connected, and
turbulent transport is the dominant mechanism (8Bbet et al. 2000). On the unbroken
wave upwind face, gas transfer is in an upwindatio@; on the unbroken wave
downwind face, the parasitic capillary wave produloealized vorticity and mixing in
the viscous layer as the small gravity wave stegarirson et al. 2003).

The non-breaking wave contribution to the gas feans parameterized based on
theoretical considerations and experimental obsenain wind wave tanks (Jahne et al.

1987):

1
K, = 1.57x104u*[@j2 K
Sc

(2-31)

where u = shear velocity of wind, m/s; and K = constargfGoient. This expression is

supported by the observations of gas-liquid transfee at moderate or high winds.
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2.4.4. Wave breaking gas-liquid transfer rate formlae

When wave breaking occurs, the water surface isipheiconnected (Boettcher et al.
2000), and it is affected by droplets and sprays ti#e gravity wavelets steepen further,
they break and the surface ruptures, with surfase $ubducted into an interior region of
intense turbulent mixing beneath an intensivelyadispilling region” (Peirson et al.
2003). As many researchers state, the breaking wdvenhance the gas transfer
process significantly. The mechanisms have not beempletely conceived. Some
researchers have concluded that the gas transfetasmined by the turbulence
generated by microscale wave breaking for low anderate wind speeds (Siddiqui et al.
2004). Some researchers have concluded bubble-teeédjas transfer during wave
breaking is dominant (Thorsen, 1999). Some resesasdiave concluded that the direct
transfer of water from air-water surface to turbtileulk flow by the wind-wave breaking
is dominant at moderate wind speeds (Thorsen, 1999)

The gas-liquid transfer rate induced by a breakmage is about one order higher
than that of a non-breaking wave and four ordeghéri than that of turbulent fluid. Thus,
wave breaking significantly enhances the reaerakon low to moderate wind speeds,
near-surface turbulence generated by microscaéking wave is the dominant factor on
gas-liquid transfer rate at air-water interface ggcher et al. 2000).

Some researchers used acoustic measurement me&hopeEntify bubble dynamics

and found it dominated the gas transfer acrosaith@ater interface (Boettcher et al.
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2000). Some other researchers showed that aboub¥§%s transfer is contributed by
bubble-mediated gas transfer produced during wea@king. The whitecap coverage
percentage is an indication of the strength oftbee breaking. The bubble size also
affects the gas-liquid transfer rate. Thus somdistuhave focused on measurement of
whitecap coverage and some other on bubble simédison. Breaking waves were
found to be produced in a wave-tank at wind spegdseding 10 m/s with the
concurrent appearance of bubbles. Some experirhamesmeasured the bubble size
distribution and their influence on the gas-ligtriansfer rate (Thorsen, 1999).

The mean square slope is determined by the rougti@atire during microscale
wave breaking. Some quantitative experiments imyatstd the relationship between
gas-liquid transfer rate and wave slope when nfastant exists. These experimental
results showed microbreaking significantly conttédzlito gas transfer for low to
moderate wind speeds (Zappa 2001).

Crashing wave envelops pockets of air when wavakiing occurs on water surface.
These pockets are then broken up into bubblesmili@ water body. The bubbles
oscillate in the water body because of the dynanergy coming from the wave
breaking (Woolf 1997).

Two factors, wind speed and sea state, determee/élve breaking and whitecap
coverage percentage. This has been verified byidsand experimental results. Wave

height is often used to describe the sea states, The gas-liquid transfer rate dominated
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by breaking wave is better estimated by satelitaeval of both wind speed and wave
height (Thorsen, 1999).
For developing waves at x direction, the relatiogpdfetween wave height and wind
velocity is as (Thorsen, 1999):
H, = 0.016x*W (2-32)
where H, = wave height, m; and W = wind speed, m/s. Fdy fiéveloped waves, the
relationship is as (Thorsen, 1999):
H,, = 0.0246N? (2-33)
The energy dissipation rate,is proportional to wind speed, W, and wave height
(Thorsen, 1999):
& ~WH (2-34)
The gas transfer increases linearly with the irgeea whitecap coverage percentage on
the water surface. Simple empirical formula on eteéip coverage and wave breaking are
generated by considering only wind speed (Thors889):
Wc= 384x10°wW 3 (2-35)
Wc= 298x10 "W ** (2-36)
where W = whitecap coverage; avd = wind speed, m/s.
Though “wind speed only” formulations are commomed, it was realized during

early studies that a simple relationship in terinaiad speed or shear velocity is not
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expected, and that there is a clear theoretical taselate whitecapping to the wave field
(Cardone 1969; Ross and Cardone 1974).

Two parameters, gx(a form of Reynolds number for bubble-mediatedIgasd
transfer) and R(a form of Reynolds number for wind waves), inceeagth wave
growth. A formula of gas transfer dominated by whaueaking is proposed by using R
(Zhao et al. 2003). Another formula of gas transf@minated by wave breaking is

proposed by using the non-dimensional parametgi(WReolf 1997):

Wc= 402x107 Re,, *° (2-37)
wH (2-39)
Re, = 5
V

where H, = significant wave height of sea, m; ane;R a form of Reynolds number for
wind waves. The sea state is represented by waghthe these formulae. The whitecap
coverage is determined by wave height. For a meveldped sea, these formulae
indicated that whitecap coverage has more efféets wind speed.

The gas transfer dominated by breaking wave isq@tamal to fractional whitecap
coverage. The coefficient is based on the calaratof bubble-mediated transfer, and
therefore depends on the solubility of the gasinpte formula, appropriate for GGt
20°C, is given by (Woolf 1997):

K, =850V (2-39)
where K = gas-liquid transfer rate induced by breaking evaavem/hr; W = wind speed,

m/s.
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Furthermore, the total formula of gas-liquid tramsfate induced by non-breaking
wave and breaking wave is assumed as the simplettha two contributions as below:
K=K+ Ko (2-40)
where K = total gas-liquid transfer rate induced by noadaking wave and breaking

wave, m/s; K., = gas-liquid transfer rate induced by non-breakiye, m/s; K, =

gas-liquid transfer rate induced by breaking wams,

2.4.5. Bubble-mediated (whitecap-mediated) gas-ligadi transfer rate formulae
Bubble-mediated gas transfer is an important featietotal gas transfer especially
during wave breaking, dropletss, etc. It was regabthat dissolved oxygen will be
supersaturated by deep bubble clouds (Thorpe 1882286; Woolf and Thorpe 1991).
The breaking waves entrain bubbles at high win@&ggewhich increase the gas-liquid
transfer rate (Memery and Merlivat, 1983; Broecked Siems, 1984). The bubbles
entrained by breaking waves were observed to greatiance the gas-liquid transfer rate
(Farmer et al. 1993). But some studies indicatatittie bubble-mediated gas transfer
was at most 7% of the total gas transfer in wingledr turbulence (Komori and Misumi
2001). Keeling (1993) and Woolf (1993) developed twamerical models to predict the
gas-liquid transfer rate with bubbles, but uncettes in the value for any gas are large.
During the generation of bubbles when waves breakurbulence is also enhanced

(Monahan and Spillane 1984).

30

www.manaraa.com



The bubble is generally formed by passing air tghoan orifice. Bubble volume and

radius are empirically given by (Thorsen, 1999):

y - 2Ro (2-41)
gAp
z Ro
d=(=-—)¥2 2-42
(2 Apg) (2-42)

where \4 = bubble volume, fiad = bubble radius, m; R = orifice radius, csre surface
tension, dynes/cm; g = acceleration of gra\ity/<; Ap = difference between density of
liquid, pi, gcm® and the density of the bubblg, g/cnt.

The bubble radius is proportional to the orificdiuag and surface tension, and
inversely proportional to the density differencévieen the gas and water. Viscosity and
temperature have little effect on bubble diamd&abble size is fairly constant at low and
moderate wind speeds, but increases dramaticallightwind speeds.

Eckenfelder (1959) described the oxygen transféenms of Sherwood number,
Reynolds number and Schmidt number:

K dg
D

- R (2-43)

whereUg = bubble veloity, m/s;v = kinematic viscosity, ffs; K dg/D = Sherwood number
(Sh); dguiv = Reynolds number @ v/D = Schmidt number (; andF =
bubble-mediated gas-liquid transfer rate constaefficient.

For greater aeration depths, the end effects wargensated by applying an

exponential depth factor:
31

www.manaraa.com



i H - F(ReYS9 (2-44)

where @ = bubble diameter, m.

2.4.6. Combined effects of breaking wave and bubble

An empirical formula of gas transfer caused by wiangaking including turbulence
transfer and whitecap-mediated gas transfer wakdgand Wanninkhof 1998; edited by
Asher et al. 2001):

K, = (a7 +(15x10°W - 47U ))sc 2 +W(_ 37, 10,440950415(:024}

(04

(2-45)

where the first term is turbulence transfer causeaave breaking; the second term is
whitecap-mediated gas transfers wind speed constant coefficient; U = streamflow

velocity, m/s; and W = wind speed, m/s.

2.4.7. Combined effects of wave, wave breaking ataibble
Woolf (1995) presented a simple model for waveaff®n gas transfer. In this
model, the gas-liquid transfer rate has two comptsdue to wind stirringk(w), surface

extension of bubbles (), and interfacial resistance;R

K=K +K, (2-46)
/K, =1/K,+R (2-47)
K. = au,, (2-48)
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K, =bu,’ (2-49)
where Kt = total gas-liquid transfer rate; K= gas-liquid transfer ratesu= wind shear
velocity; a = wind-driven gas-liquid transfer ratenstant coefficient; b =

bubble-mediated gas-liquid transfer rate constagfficient; and R= resistance constant.

Then, a simple “interfacial resistance” model igegi by (Woolf 1995):

Sc 1 1
Ko Kl 00U

[600} o (2-50)

where K00 = gas-liquid transfer rate when Schmidt numdaglsto 600, m/s.

From a surf pool experiment, Asher et al. (199%) AWanninkhof et al. (1995)
showed that gas-liquid transfer rate ¢ould be partitioned into several components:
near-surface turbulence generatedinyents and nonbreaking wave (), turbulence
generated by breaking waves ), and bubble-mediated transfer g If the gas concentration
grade is large, the total gas-liquid transfer raigiven by:

K. = (K +WC(Kwa - Kan))+WCKLB (2-51)

Lnw
where Wc = fractional area of whitecap whitecapecayge.

Asher et al. (1995) indicated that the gas-liquashsfer rate was underestimated by
this formula and hypothesized that it was causethdyrrectly parameterizing the
dependence of Kw and Ky on Wc. Ogston et al. (1995) then provided an imedo

formula:

K, = Blgn)" +Wd(gn )" - (£,0)JSE'2 + bW °%°Sc *®  (2-52)
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where K = gas-liquid transfer rate, més;, = energy dissipation rate due to nonbreaking
wave, ni/s’; enw = energy dissipation rate due to breaking wavés’ iy = gas-liquid

transfer rate coefficient.

2.4.8. Effects of surfactants

The presence of any chemical film at the wateras@rkignificantly decreases the
gas transfer since it presents a chemical bartgciwimpedes the gas transfer. The
capillary waves generated by wind make an impoxtantribution to the gas transfer.

But the existence of the surfactant films dampsctyallary waves.

Some experiments found the wave spectra at highee wumbers were substantially
reduced by surfactants at wind shear velocitiesa®.2 m &. The surface enrichment
was suggested to quantify the effects of the stafis on gas transfer with reasonable
accuracy (Hara et al. 2001).

Surfactants have important effects on bubble-medigas transfer. When surfactants
exist at water surface, bubbles generated duringsvareaking may carry surfactants
from the sea surface, and will scavenge matewahfthe bulk as the bubbles rise (Scott,
1975).

Bubbles may be covered with material after risindy @ few centimeters (Blanchard,
1983). This process was described to change thadfdom hydrodynamically "clean”

to "dirty" with the coating of material. The coaihas a very great effect on the
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gas-liquid transfer rate between the bubbles aadtinrounding water, particularly for
large bubbles. It was assumed that small bubbleddagsually be dirty (Woolf and
Thorpe 1991).

Keeling (1993) and Woolf (1993) have argued thatidae for clean bubbles are
more appropriate for large near-surface bubblesa# estimated with models that a
contribution of 8.5 cm fhto the mean global transfer rate of carbon diogiden bubbles
if they were clean, but only 2.6 crit if the bubbles were dirty (Woolf 1993). Thus, the
contribution of bubbles to air-sea gas transfeeissitive to surfactants, and might

respond significantly to concentration change ekthmaterials.

2.4.9. Effects of rain and droplets

Wave spectrum is the distribution of wave energg &snction of frequency. The
wave spectra are raised at higher wave numbersg€at@0 rad m) but are not affected
at 100 rad M during rain. Rain reduces the effects of surfacfiéms. At higher wave
numbers, gas-liquid transfer rate is roughly préipoal to the wave spectra; but for the
spectra of longer waves, gas transfer has lesgisgépgHara et al. 2001).

Rain and droplets play a complicated role in gasgsfer. The sizes of dropletss are
different depending on the type of rain and distirifrom 1 mm to 3 mm of diameters. It
was found that rain has an abundance of small eltegpplnd a few large drops from the

rain spectra. Since the laminar thin layer is \téry, the rain drops penetrate it, which
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increase gas-liquid transfer rate. Furthermore@, daops strikes the waster surface and
produce circular waves propagating outwards arasbpdirops (Hara et al. 2001).

On the other hand, rain calms the surface, whichedses gas-liquid transfer rate.
Though there are no direct effects on gas trangferduces the wave dissipation rate
when waves break. And this implies less secondatyoms and less surface renewal,
which decrease gas-liquid transfer rate. The sarf@mping affected by rain was
described in terms of mean square wave slope. &8stbe smaller waves are damped
by rain, which produces a smoother surface (Haeh &001).

Some other effects of rain including momentum ti@nisave no noticeable influence
on gas transfer. The primary dynamic effect of airthe thin layer under water surface
is the production of turbulence or secondary matidrhe passage of rain drops through
the thin layer under surface disturbs the currantsleads to secondary motions that
produce turbulence under the water surface. Howévermechanism of turbulence

formation has not yet been identified (Thorsen, 299
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CHAPTER Il
STREAM-DRIVEN GAS-LIQUID TRANSFER RATE

3.1. Introduction

Various factors like streamflow, wind, wave breakietc. influence the gas-liquid
transfer rate. In rivers, the streamflow is thedprainant factor. Riverine reaeration rates
received the earliest consideration as riverslaartain sources of drinking water and
receptors of the wastewater. Considerable empifacaiulae have been established
based on experiments. Churchill et al. (1962) distadxl an empirical formula for
riverine reaeration rates based on the experimemeservoirs in the Tennessee River
valley. Owens et al. (1964) established an empifccanula after they measured the
reaeration rate by adding sulfite to reduce thecentration of dissolved oxygen in four
shallow streams in the Lake District of Great BnitAVilcock (1988) carried out a
number of gas tracer experiments to measure tleeatan rate at different flow
velocities. Efforts have been initiated to devetlo@ semi-empirical models (Langbein
and Durum 1967; O’Connor and Dobbins 1956; Wilc&éB4). For example, based on
the Surface Renewal Theory, O’Connor and Dobbi@5§) developed a relationship

between the reaeration rates and hydraulic paraseiduding flow velocity and water
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depth. Based on the Two Film Theory, Atkinson ()9®®posed a model to calculate the
riverine surface reaeration flux.

Both existing empirical and theoretical formulaedéimited application ranges. The
application ranges of flow velocity and water deiptbhe existing reaeration rate
formulae are listed in Table 3.1. In natural rivehe flow velocity typically ranges from
0.03 m/s to 1.5 m/s and the water depth ranges @dno 15 m (Chapra 1997).
O’Connor-Dobbins’ formula has good predictions feaeration rates in deep waters with
the depth greater than 0.6 m; but it underestinthieesate of reaeration in shallow water
or fast flow (Chapra 1997; Covar 1976). Churchdmpirical formula can be used for
fast flow (greater than 0.5 m/s); Owens-Gibbs’ emopl formula can be used for shallow
water (less than 0.6 m) (Chapra 1997; Covar 19ttgse empirical formulae were
established under specific conditions; thus, tapplications are not globally suitable.
General theoretical models and related formuldaHerstream-driven gas-liquid transfer
rates are needed for the normal ranges of flowcitgi@and water depth in the natural
rivers. Further, Covar (1976) compared the Owerish&formula (1964), the Churchill
formula (1962) and the O’Connor-Dobbins formulag@pfor the reaeration rate and
indicated that the gas-liquid transfer rate in matropic turbulent flows is greater than
that in isotropic turbulent flows with the samewileelocity and water depth (Chapra
1997). Isotropic turbulence is the turbulence whkessquares, products, and derivatives

of the velocity components are independent of tiwac Non-isotropic turbulence is the
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turbulence where the squares, products, and dieegadf the velocity components are
dependent of direction. Isotropic turbulent flows ¢he flows in which the isotropic
turbulence is predominant. Nonisotropic turbuldowve are the flows in which the
nonisotropic turbulence is predominant.The diffeesbetween gas-liquid transfer rates
in isotropic turbulent flows and non-isotropic tulént flows needs to be explored. Thus,
first, a gas-liquid transfer rate model in non-iepic turbulent flows is developed and
compared with the existing empirical formulae; seta general formula of
stream-driven gas-liquid transfer rate is develofeedhe normal ranges of flow velocity
and water depth in natural rivers, namely the fle@locity typically ranges from 0.03 m/s

to 1.5 m/s and the water depth ranges from 0.5 tm {Chapra 1997).

Table 3.1. Ranges of water depth and flow vejoafithe existing reaeration rate

formulae
Formulae Velocity (m/s) Depth (m) References
Churchill 0.5-1.2 0.6-15 Churchill et al. 1962
, . O’Connor and
O’Connor-Dobbins 0.16-1.28 0.52-11.28 Dobbins 1956
Owens-Gibbs 0.04-0.56 0.12-0.74 Owens et al. 1964
Wilcock 0.59-1.12 0.83-2.21 Wilcock 1988
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3.2. Gas-liquid Transfer Rate in Non-isotropic turtulent flows

3.2.1. Model development

Surface Renewal Theory (Danckwerts 1951; Danckwi&3; Higbie 1935) is a
classical theory to describe the gas-liquid trangfecess. This theory proposes that the
turbulent eddies carry the water parcels up to tleaair-water interface for a period
when the gas is transferred from air to the watecgl. Then the water parcel is entrained
down to the water column. Another parcel is broughtind the gas transfer process is
repeated. According to the Surface Renewal Mods:ligiuid transfer rate is determined
by the surface renewal rate and molecular diffusoeificient.

K, =+Dr (3-1)

where D = diffusion coefficient, 2.09 x 20rf/s at 26C; and r = surface renewal rat&, s
Surface renewal rate r is the frequency at whiehwthter parcels transfer to the air-water
interface and entrain gas down to the water column.

For isotropic turbulent flows, two empirical retaships on the vertical fluctuation

velocity and the mixing length are (Hamada 1953jris&e 1943; Schijf and Schonfeld

1953):
M ~ 01U (3-2)
|.=01H (3-3)
40

www.manaraa.com



where } = mixing length, m;M = vertical fluctuation velocity, m/s; H = water dapm;

and U = free stream velocity, m/s.
It was proposed that the mixing length is the distathe turbulent water parcel can

move freely by vertical fluctuation velocity (Rubémd Atkinson 2001). Thus, the surface

renewal rate is determined by the mixing length @nedvertical fluctuation velocity as:

M

T

r= (3-4)

The surface renewal rate in isotropic turbulenivliacan be obtained by substituting

Eqg.3.2 and Eg.3.3 into Eq.3.4 as (O’Connor and Dabb956):

< I

r =

U
0 (3-5)

T

which was substituted into Eq.3.1 to develop thelgpiid transfer rate formula for
isotropic turbulent flows (O’Connor and Dobbins 6395

U (3-6)

The predictions by the O’Connor and Dobbins formuiderestimated the gas-liquid
transfer rate in non-isotropic turbulent flows (@@ 1997; Covar 1976), so these two
empirical relationships (Eq.3.2 and Eq.3.3) devetbfstom isotropic turbulent flows are
not applicable for non-isotropic turbulent flows.

Surface renewal rate represents how often the@rnewal movements of the
water parcels are. It is caused by the turbuleeceated from the air-water interface

and from the water-bed interface. Either turbuleiscedriving force of a surface renewal
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movements of the water parcels. Both surface rehetss have contributions to the
gas-liquid transfer rate, though the shear velattthe water-bed interface is much
greater than that at the air-water interface. #sisumed in this study that the total
renewal rate is considered as the arithmetic sutheske two surface renewal rates:
r=r+r, (3-7)
where f = surface renewal rate at the air-water interfadeand g = surface renewal rate
at the water-bed interfacer.s
At the water-bed interface or the air-water inteefabased on the definition of skin
friction coefficient and the definition of shearweity, the shear velocity as a function of

the free flow velocity can be obtained as (Muns884):

ALY (3-8)
2
C

U, =4 —2U (3-9)
2

where w = the shear velocity at air-water interface, rafs= the shear velocity at
water-bed interface, m/suG the skin friction coefficient at air-water intade; and ¢ =
the skin friction coefficient at water-bed interda@t the air-water interface and the
water-bed interface, the vertical fluctuation vatpcs assumed to equal the shear

velocity (O'Connor and Dobbins 1956; O'Connor 1983)
v = uq = Cuy (3-10)

2
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Vo[ =u, = %u (3-11)

where M = the vertical velocity fluctuation in the turbutdsoundary layer at the
air-water interface, m/sLV_z| = the vertical velocity fluctuation in the turbutdsoundary
layer at the water-bed interface, m/g;uthe shear velocity at the air-water interface,
m/s; and ¥ = the shear velocity at the water-bed interfads, in non-isotropic

turbulent flows, the water depth is small and ardysists of the turbulent boundary layer
at the air-water interface and that at the wateribterface. Though the fluctuating
velocity scale in the bulk isotropic turbulent flasvin fact the same order of magnitude
as that at the interface, the shear velocity isciened to be approximate zero in the bulk
isotropic turbulent flow for convenience. Thus, #tpiivalent vertical fluctuation

velocity can be considered to approximately bénarétic average of the shear velocity at

/C
the friction interface and that in the bulk isotimpurbulent flow, namely% %U in

/C
the turbulent boundary layer at the air-water iiates and% fu in the turbulent

boundary layer at the water-bed interface. Howeawasotropic turbulent flows, the
shear velocity decreases in the water column &anfthe two-phase interfaces. Thus, the
equivalent vertical fluctuation velocity in isotriogurbulent flows is much less than that
in non-isotropic turbulent flows.

For non-isotropic turbulent flows, the water deistthe sum of the thickness of the

boundary layer at the water-bed interface andahtte air-water interface:
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H=6+6, (3-12)
whered; = thickness of turbulent boundary layer at thengter interface, m; angb =
thickness of turbulent boundary layer at the watst-interface, m.

The turbulent boundary layer consists of an inagell and outer layer. The ratio of
the spaces covered by the inner layer and the tayter is about 0.15:1 (Richardson
1989). The inner layer consists of viscous layel averlap layer. The ratio of the spaces
covered by the viscous layer and the overlap lesyabout 35:135 (Richardson 1989).

Thus, the ratio of the viscous layer and the twbuboundary layer is as:

5, 35 015

= X
o 13t

=0.039 (3-13)
whered, = thickness of viscous layer in turbulent boundaser, m, which is as (White
2006):

5, = Lo (3-14)

u,
wherel', = coefficient of viscous layew; = kinematic viscosity, 1 x 10nT/s at 26C;
and u = shear velocity, m/s. Substitution of Eq.3.8 orE®, and Eq.3.14 into EqQ.3.13

yields the thickness of turbulent boundary layer as

I'v

— (3-15)
C

0.039/—U
2

whereC; = skin friction coefficient at two-phase interface

o=

The outer layer covers much more space of the kembibboundary layer than the

viscous layer (Richardson 1989). Thus, the mixamgth in the outer layer can be
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considered to approximately represent the equivatexing length in the turbulent
boundary layer:

l, = 0095, (3-16)
where | = mixing length in turbulent boundary layer at thewater interface, m (White
2006). The mixing length can be expressed as difumof water depth by substituting

Eq.3.12 into Eq.3.16 as:

|l:o.09H£ o ] (3-17)
0,+0,

Substitution of EQ.3.15 into Eq.3.17 yields:

I'yv

g [
0.039/ U 1
|, = 009H 2 = 009H| ———|  (3-18)
I'v I'v C,
c. C 1+ c.
o.osg/zflu o.osg/zfzu r2

Substitution of Eq.3.10 and Eq.3.18 into Eq.3.9dgd¢he surface renewal rate caused by

the turbulence at the air-water interface as:

_ 1 /Cy
i 2\ 2
rn= |_ = (3-19)
1
009H 1
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where g = surface renewal rate caused by the turbulengergted from the air-water
interface, g. Similarly, in the turbulent boundary layer at thater-bed interface, the

surface renewal rate is formulated as:

r,=+—= (3-20)

1+ &

Cfl

where p= surface renewal rate caused by the turbulencergtad from the air-water
interface, &; and y= mixing length in turbulent boundary layer at #iewater interface,
m. Apparently, an important effect of the frictiahthe air-water interface was that the
proportional coefficient in the linear relationshiptween the mixing length (l) and the
water depth (H) was changed and was less thardipeional coefficient value in

Eq.3.3 of 0.1. Substitution of Eq.3.19 and Eq.3r20 Eq.3.7 yields the total renewal

rate:

(3-21)

} &U 1 &U } & 1 &
o2V 2 L2V 2 _ 2\ 2 L2V 2 u
H

009H ! 0.09H 1 00 1 00 1

1+ [ ™ 1+ Cr 1+ [ ™ 1 r2
Cf2 Cfl Cf2 Cfl ]
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The comparison between Eg.3.5 and the mixing leimgly.3.21 shows that the
coefficient in non-isotropic turbulent flows is f@ifent from that in isotropic turbulent
flows.

Substitution of EQ.3.21 into Eq.3.2 yields the g§gaid transfer rate:

1 1Cu 1 [Crz
K, =+Dr = 2\ 2 L2V 2 DU (3-22)

00 1 00 _

1+ & 1+ &
Cf2 Cfl

where K = gas-liquid transfer rate, m/s; D = diffusion damént, nf/s; r = surface
renewal rate,§ Cyy = skin-friction coefficient at air-water interfacg;, = skin-friction
coefficient at water-bed interface; U = free streaiocity, m/s; and H = water depth, m.
Eq.3.22 is the formula of gas-liquid transfer rnat@on-isotropic turbulent flows
developed in this study.

The skin friction coefficient at air-water intera€; is much smaller than the skin
friction coefficient at air-water interfaces&ince the air flow or water flow drags each
other to move at the air-water interface but the keeps rest no matter how water flow is
at the water-bed interface. The skin friction cméht is a function of the Reynolds
number. Since it is difficult to determine the Relgds number here, the empirical values

4.0 x 10% was selected for the skin friction coefficient © calculate gas-liquid transfer
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rate under the normal wind speed (O’Connor-DobbBf3). Similarly, the empirical
value 4.16 x 18was used for £(O’Connor-Dobbins 1956). Substitution of the values
of Cy and G, into EQ.3.16 yields:

r= 3.71H (3-23)

H

Compared with Eq.3.6, the total renewal rate in-isotropic turbulent flows is much
greater than that in isotropic turbulent flows. Enthe same flow velocity and water
depth, non-isotropic turbulent flows have a greateface renewal rate than isotropic

turbulent flows.

Substitution of Eq.3.23 into Eq.3.1 yields the §igaid transfer rate as:

K, =19 D% (3-24)

3.2.2. Discussion
Comparisons of Eq.3.24 and Eq.3.6 showed thatdkdiguid transfer rate in

non-isotropic turbulent flows and that in isotropicbulent flows are both proportional

toﬂ; but the coefficient in EQ.3.24 is 2.06 which reater than that of Eq.3.6. Thus,
the gas-liquid transfer rate in non-isotropic tuelod flows is greater than that in isotropic
turbulent flows.

Covar (1976) suggested that Owens-Gibbs empirazatidla (Eq.3-30) can be

applied in non-isotropic turbulent flows (water tieg 0.6 m) and O’Connor-Dobbins
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formula (Eq.3-28) can be applied in isotropic tuelot flows (deep water or fast flow).
The predictions of these two formulae and Eq.3r24desplayed in Figure 3.1. The
predicted values with Eq.3.24 are close to thokmilzded by the Owens-Gibbs empirical
formula and much greater than those calculatedh&yXConnor-Dobbins formula.
Furthermore, the Owens-Gibbs empirical formulae@ the experimental data. Thus,
Eq.3.24 was verified to be reasonable. The chahgegroportional coefficient of the
linear relationship between the mixing length amelwater depth and the accumulation
of the surface renewal rates at the air-water fimberand the water-bed interface are the
main reasons why the values of the gas-liquid fesnate in non-isotropic turbulent
flows are greater than the values predicted byXkaonnor-Dobbins formula. In

isotropic turbulent flows, the empirical relationshshown in Eq.3.2 and Eq.3.3
inherently incorporate the effects of both the @cefrenewal rate caused by both the
turbulence generated at the air-water interfaceahnle water-bed interface. In
non-isotropic turbulent flows, when the existingpancal relationships are not applicable,
contributions from these two surface renewal redabe total surface renewal rate need
to be considered. The surface renewal rate caysdteliurbulence at the air-water

interface cannot be ignored in non-isotropic tuebtiflows.
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Figure 3.1 Comparisons of predicted values byrtoslel, Owens-Gibbs empirical

formula and O'Connor-Dobbins semi-empirical formohastream-driven
gas-liquid transfer rate (U = 0.5 m/s)

3.2.3. Conclusions

In non-isotropic turbulent flows, the surface reaévate caused by the turbulence
from both the air-water interface and the water-béerface contribute to the gas-liquid
transfer. In this study, the total renewal ratassumed to be the arithmetic sum of these
two surface renewal rates. New relationships batvlee mixing length and water depth

in non-isotropic turbulent flows showed that threelr coefficient is less than that in
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isotropic turbulent flows. The model developedert®n 3.2 explained the reasons why
the gas-liquid transfer rate in non-isotropic tuelod flows is greater than that in isotropic
turbulent flows under the same flow velocity andevalepth. The predicted values with
this new model have reasonable agreements wit@wens-Gibbs empirical formula in
non-isotropic turbulent flows. The comparisonshe predicted values of the new model
with the calculated values with O’Connor-Dobbinsnsempirical formula showed the

former are greater than the latter, which was #meesas Covar indicated.
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3.3. Stream-driven Gas-liquid Transfer Rate

3.3.1. Model development

In section 3.2, both the water-bed interface aedaihwater interface were found to
have significant effects on the gas-liquid transéte in non-isotropic turbulent flows.
Based on this, a theoretical stream-driven gagsditpansfer rate model can be developed
for the normal ranges of water depth and flow vigyoia the natural rivers which can be

applied for both non-isotropic turbulent flows asdtropic turbulent flows.

3.3.1.1. Vertical fluctuation velocity and mixing éngth

Surface renewal rate is the frequency with whigwlater parcels transfer to the
air-water interface and entrain the gas down tosaer column. Prandtl (1925)
indicated the mixing length is the distance théualent water parcel can move freely
with the vertical fluctuation velocity. Thus, therface renewal rate is determined by the
mixing length and the vertical fluctuation velocdg Eqg.3.4 shows. For isotropic
turbulent flows, two empirical relationships (HaraatP53; Kalinske 1943; Schijf and
Schonfeld 1953) as Eq.3.2 and Eq.3.3 show can Ipdogad to determine the surface
renewal rate as Eq.3.5 shows. Thus, the surfaevamate can be calculated with the

hydraulic parameters of the flow velocity and watepth. This is the basis for
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development of the classic O’Connor-Dobbins form{dB56) for stream-driven
gas-liquid transfer rate in isotropic turbulentm

These two empirical relationships were obtainethedeep rivers and estuaries
where the isotropic turbulence is the predominamird) force of reaeration. As they are
empirical relationships, Eq.3.3 and Eq.3.4 inhdyantorporate the combined effects of
both the turbulence from the air-water interfacd #rat from the water-bed interface.
However, for shallow water or fast flow, isotropizbulence is not predominant and
these two empirical relationships are not suitéblase for the calculation of the surface
renewal rate. Thus, as section 3.2 discussed, @i@eDobbins’ formula underestimates
the reaeration rate when it is applied to shalloateror fast flow. More general formulae
on the mixing length and the vertical fluctuaticelocity in terms of hydraulic
parameters need to be developed for the normaésaoflow velocity and water depth.

In the theory of turbulent flows, the mixing lengtbes not have a general formula.
Formulae have been developed for several speafiex Eq.3.3 is the empirical
relationship between the mixing length and wat@tllén deep rivers when isotropic
turbulent flow is predominant. Further, Prandtl aloth Karman gave the estimates of the
mixing length for the overlap layer and the oussfer in the turbulent boundary layer
(White 2006):

In the overlap layer:

| =xH (3-25)
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In the outer layer:
| = 0095 (3-26)

where k¥ =von Karman constant; and = thickness of turbulent boundary layer, m.
The thickness of the viscous layer in the turbubenindary layer is as Eq.3.14 shows.

The viscous layer in this study refers to the corabon of linear layer and buffer
layer in turbulent boundary layer. At the water-lig@rface, the equivalent coefficient of
viscous layer thickness;, has a constant value of 35 (White 2006). At thevaiter
interface, O'Connor (1983) employed Eq.3.14 wittagable value ofI, to develop a
formula of wind-driven gas-liquid transfer rate.ush Eq.3.14 is also considered to be
applicable to air-water interface. According to ER5, if turbulence is considered to start
from the edge of the viscous layer, the smallegingilength is at the edge of the viscous

layer and is proportional to the thickness of tlseous layer, J, :

IV = K§V = KFOV (3'27)
U.

where |, = mixing length at the edge of viscous layer, m.

If the general formula of the stream-driven gasttigtransfer rate is developed based
on the formulae of the mixing length including E§,3q.3.25 and Eq.3.26, multiple
formula formats will be obtained for the overlagdg outer layer, isotropic turbulent
flows, etc. Further, because there is not a milemgth formula for the transitional range
of water depth from the turbulent boundary layethi isotropic turbulent flow, the

general formula of gas-liquid transfer rate basedhe existing mixing length formulae
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cannot cover the transitional range. In order teesthese problems and simplify the
general formula, a new mixing length formula wil bonstructed to cover the normal
ranges of water depth

Figure 3.2 shows the reaeration rate values peslisy the O’Connor and Dobbins’
formulae (Eq.3.28), Churchill's formulae (Eq.3.29wens-Gibbs’ formulae (Eq.3.30)

(Chapra 1997) at a fixed flow velocity of 0.8 m/s:

05

K, = 456x10°5 x>

05 (3-28)
s U
KL = 5.82>< 10 XW (3_29)
5 U 067
KL = 616)( 10 X W (3-30)

The trend of the reaeration rate values indicdtasthe gas-liquid transfer rate increases
on a scale larger than an exponential rate as #iterwlepth decreases especially when it
is less than 0.6 m. Thus, a powered exponentiztimmis developed to describe the
relationship between the mixing length and the wdépth through all of the ranges of
the water depth at a fixed flow velocity:

m]”

| H
0 -

where 6, = thickness of viscous layer at the air-waterrfatee, m; 6,, = thickness of

viscous layer at the water-bed interface, m; agdemponential coefficient. Eq.3.31

shows that when the water depth of H is very sanadl close to the sum of the thickness
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of the viscous layergs,, +J,,), the mixing length of | will be close tg. When the

water depth of H is much larger the(ﬁvl+5vz), ( v m

§l+§v2)

will be close tod

will be close to zero and |

1.E+02

1.E-02
o O'Connor & Dobbins (1956)
¢ Churchill (1962)
A Owens & Gibbs (1964)
1.E-03 -
A
—~ A
® A
E 1E-04 2
2 00000
e o
DDEI
1.E-05 F o
1.E-06
1.E-02 1.E-01 1.E+00 1.E+01
H (m)
Figure 3.2  Reaeration rates predicted with thstieg reaeration rate formulae

The vertical fluctuation velocity decreases actbssspace from the friction interface

to the isotropic bulk flow. At the friction interda where the turbulence is generated, the

vertical fluctuation velocity is a maximum and el to the shear velom\gu :
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where u = shear velocity at friction interface, m/s; and=Gkin-friction coefficient.
Though the fluctuating velocity scale in the budktropic turbulent flow is in fact the
same order of magnitude as that at the interfaeeshear velocity is considered to be
approximate zero in the bulk isotropic turbuleotflfor convenience:

M —u, ~0 (3-33)
where u, = shear velocity in isotropic turbulent flow butk away from the friction
interface.

It is difficult to get a general formula to deserithe vertical fluctuation velocity
across the space from the friction interface toigb&opic turbulent flow bulk for all of
the normal ranges of flow velocity and water dapthatural rivers. Thus, in order to
generalize and simplify the formula for the strednven gas-liquid transfer rate, the
arithmetic average ofsuand u, will be considered as the equivalent vertical tihation

velocity for convenience:

=ttty U S (3-34)
2 2\ 2

The effect of the variety of equivalent verticaldtuation velocity on the gas-liquid
transfer rate will be incorporated into the formafahe mixing length by introducing an

empirical constanto, to replaced;+d,) in Eq.3.31:

57

www.manaraa.com



5"
) o5

The values o6pand n are adjusted to tally with combined preditdiof

O’Connor-Dobbins formulae, Churchill formula, angvéns-Gibbs formula showed as

Figure 3.2. Normallyo has the same order of magnitude as thaéefg,.) which order

is normally from 16 to 10" m in the natural rivers.

In order to simplify the stream-driven gas-liquidrisfer rate formula that will be
developed in this section, the constant value okBlso be used for, at the air-water
interface. The effect of the variety Bf on the gas-liquid transfer rate will also be
incorporated into the formula of the mixing len@hemployingdo.

For water-bed interface, Eq.3.32 is applicable tasewall turbulence theory
(White 2006); for the air-water interface, O'Con(b®83) considered it was also
applicable when a different skin-friction coeffinotewas used and developed a formula of
wind-driven gas-liquid transfer rate. The skinfion coefficient is noted to be Reynolds
number dependent. In order to simplify the fornudaeloped in this study, an equivalent
value is selected for¢gCand G, respectively. A skin-friction coefficient at air-vea
interface (G) of 4.00 x 10 was obtained using Eq.3.32 with the known windespand
shear velocity in O'Connor's (1983) research. Aealf 4.16 x 18 for the skin-friction
coefficient at the water-bed interfacef)@vas obtained using the relationship between

skin-friction coefficient at water-bed interfaceda@hezy coefficient and the
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experimental data of Chezy coefficient from O’Conaad Dobbins' research (1956).
Similarly, the effect of the variety ofi#Cand G, on the gas-liquid transfer rate will be

incorporated into the formula of the mixing lenghadjustingdo.

3.3.1.2. Accumulation of surface renewal rates

The stream flow not only experiences friction wtie bed but also with the air
above the stream. As a result, turbulence is prediat both the water-bed interface and
the air-water interface. Both kinds of turbuleneege water parcels to move from the
water bulk toward the air-water interface for redgien with a surface renewal frequency
(surface renewal rate) respectively. It is assumehis study that the total surface
renewal frequency of dissolved oxygen is the adlditf the two surface renewal
frequencies caused by the two sources of turbuléiiues, the total renewal rate equals
to the sum of the renewal rate caused by the tenoel from the water-bed interface and
that caused by the turbulence from the air-waterfiace:

r=r+r, (3-36)

where § = surface renewal rate at the air-water interfaer, = surface renewal rate at

the water-bed interface’s
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3.3.1.3. Formulae of stream-driven gas-liquid trarfer rate

This study is to develop a semi-empirical formulaiai has general applications for
the normal ranges of water depth and flow velomitgatural rivers. When the
expressions on vertical fluctuation velocity (E§4.and mixing length (Eq.3.35) are
used for the development of the new formula, it lagl applicable for both non-isotropic
turbulent flows and isotropic turbulent flows.

In the following, variables with the subscript fereto the air-water interface; while
subscript 2 refers to the water-bed interface. BgBg.3.27, Eq.3.34 and Eq.3.35 can be
applied at both air-water interface and water-lmeerface; but the skin-friction
coefficients at these two interfaces are differSastitution of Eq.3.34 and Eq.3.35 into
Eq.3.1 yields the surface renewal rate at the ateminterface,ir and that at the

water-bed interface,r

(3-37)

where w = shear velocity at the air-water interface, rss mixing length in isotropic
turbulent flow at the air-water interface, m; ¥ mixing length at the edge of viscous

layer at the air-water interface, m.

r, =

(3-38)
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where w, = shear velocity at the water-bed interface, h/s; mixing length in isotropic
turbulent flow at the water-bed interface, ga;4 mixing length at the edge of viscous
layer at the water-bed interface, m. Substitutib&@.3.37 and Eq.3.38 into Eq.3.36
yields the total surface renewal rate:

05u,  _ O5u, (3.39)

Substitution of EQ.3.39 into Eq.3.1 yields the gah&rmula of stream-driven gas-liquid

transfer rate:

K, =+Dr =/D(r,+1,) = |D 0'5”*150 _ 0'5“*250 _ (3-40)
£| 1)&] £| )[HJ

ITl - IT2 2

L ITl IT2 i

In Eq.3.40 u,, and u,, can be calculated with Eq.3.32 with specific valoé

skin-friction coefficient for these two interfacedg; and |, can be calculated with Eq.3.27,
l.2 and }, can be calculated with Eq.3.3. Substitution 0f32).Eq.3.27 and Eq.3.32 into
Eq.3.40 yields the general formula of stream-drigas-liquid transfer rate in terms of

hydraulic parameters:
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0. &u 0. &u
K, = |D 2 _y 2 . (3-41)
5o o
1 1SIN% [Hj 1S IN% [Hj
&U &U
01H| V2 01H| V2
0.1H 0.1H

where K = gas-liquid transfer rate, m/s; D = diffusion damént, nf/s; G, =

skin-friction coefficient at air-water interface;,G skin-friction coefficient at water-bed
interface; U = free stream velocity, m/s; H = watepth, mx = von Karman constantyp

= coefficient of viscous layer; and= kinematic viscosity, is. The model formulated as
Eq.3.41 is named as “Stream-driven KL Model” irstkiudy.

Testing of Eq.3.41 required specification of carént values. Both the diffusion
coefficient and the viscosity depend on temperassesome relationships have been
established for the conversions of diffusion cegdt and viscosity between different
temperatures, many gas-liquid transfer rate mosefe developed under a certain
temperature like 2. Thus, the tests in this study were conductednaisg) 20C, the
temperature used in developing Churchill's, O’Carbobbins, and Owens-Gibbs

formulae. The diffusion coefficient at ZDis 2.09 x 10 n/s (Lide 2000) and the
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viscosity at 26C is 1.00 x 18 né/s (Yaws 1999). The value of 5.5 x4 for & o and

the value of 0.9 for n are obtained by adjustifig and n to have Eq.3.41 to tally with

Eq.3.28-3.30 for the normal ranges of flow velo@tyd water depth in natural rivers.

3.3.2. Model testing

3.3.2.1. Comparison with existing formulae

Table 3.1 shows that each existing formula is @apple for specific ranges of flow
velocity and water depth. O’Connor-Dobbins’ formuGhurchill's formula and
Owens-Gibbs’ formula have successfully reprodudestoved data (Chapra 1997; Covar
1976). Thus, the predictions of three existing folae were combined to compare with
the predictions of Eq.3.41, the general formuléhefstream-driven gas-liquid transfer
rate for the normal ranges of flow velocity and evadepth in the natural rivers. As
section 3.1 states, in natural rivers, the flowoeay typically ranges from 0.03 m/s to 1.5
m/s and the water depth ranges from 0.1 to 15 ma§€2h1997). For the streams whose
water depth and flow velocity are outside of thesemal ranges, only, needs to be
adjusted and Eq.3.41 is still applicable. The canspas are plotted at the flow velocity
of 0.03, 0.06, 0.1, 0.4, 0.8, 1 and 1.5 m/s in Feg13-3.5 and for each fixed flow
velocity the water depth is from 0.1 to 15 m. Fg@c3-3.5 show that this model has a

close agreement with these existing formulae.
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Figure 3.3.  Gas-liquid transfer rate at the stre@alocity of 0.03, 0.4 and 1.0 m/s

64

www.manharaa.com




1.E-03
o O’Connor & Dobbins (1956)
¢ Churchill (1962)
A Owens & Gibbs (1964)
Q —— This model
1.E-04 -
Q)
E
<
1E-05 - U=0.8m/s
U =0.06 m/s
1.E-06
1.E-02 1.E-01 1.E+00 1.E+01 1.E+02

H (m)

Figure 3.4.  Gas-liquid transfer rate at the sir@alocity of 0.06 and 0.8 m/s
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Figure 3.5.  Gas-liquid transfer rate at the strealocity of 0.1 and 1.5 m/s

3.3.2.2. Comparison with experimental data

The predictions of Eq.3.41, the general formulghefstream-driven gas-liquid
transfer rate for the normal ranges of flow velpeaihd water depth in the natural rivers
were compared with the experimental data report€édConnor and Dobbins’ research
(1956) and Owens and Gibbs’ research (1964). Figugshows the predictions tally the

experimental data well.
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Figure 3.6.  Comparison of predicted and measgasdiquid transfer rate

3.4. Conclusions

The construction of the formulae of the mixing lédngnd the vertical fluctuation
velocity leads to the establishment of a genenahéda of the surface renewal rate. The
arithmetic sum of these surface renewal rates caogéhe turbulence from the
water-bed interface and that caused by the turbalénom the air-water interface was

considered as the total surface renewal rate. Tdeesgd on the Surface Renewal Theory,
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the total surface renewal rate was used to obtgenaral model and formula of the
stream-driven gas-liquid transfer rate. This masl@jpplicable for the normal ranges of
flow velocity and water depth in natural rivers.eTpredictions of this model have

reasonable agreement with the existing formulaecdnseérved data.
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CHAPTER IV
WIND-STREAM-DRIVEN GAS-LIQUID TRANSFER RATE

4.1. Introduction

In wind-driven gas-liquid transfer systems, windhe predominant factor for the gas
transfer process. When wind blows over water, tleree is generated at the air-water
interface, which is the driving force of the sugaenewal movement of the water parcels.
Considerable empirical relationships have beerbkskeed for the wind-driven gas-liquid
transfer rate (Broecker et al. 1978; Jahne et9a191Liss and Merlivat 1986; Wanninkhof
1992; Wanninkhof and McGillis 1999). A theoreticabdel on wind reaeration rate has
also been developed (O’Connor 1983).

In stream-driven gas-liquid transfer systems, wiverd impacts are negligible,
streamflow is the predominant factor for the gassfer process. When stream flows
over bed, turbulence is generated at the wateirbedace and the air-water interface.
Both kinds of turbulence are driving forces of wh&ter parcels’ surface renewal
movement. Efforts have been exerted to build thpiecal formulae (Churchill 1962;
Owens and Gibbs 1964). Some theoretical models beer developed (O’Connor and

Dobbins 1956; Langbein and Durum 1967; Wilcock 1984
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In many cases in the natural environment, both \&imdl sStream have important
effects on the gas transfer across the air-waterfate. A model on the combined effects
of wind and stream on gas-liquid transfer rate sgede developed. In this study, the
vector sum of shear velocities at the air-wategriiaice comprised the contributions of
both wind and stream. The concept of effectiveadsclayer was used to represent the
erosion of the roughness on the viscous layer tieisk and the decrease of the resistance
to the gas transfer through the viscous layer.queatial resistance model was developed
to describe the gas transfer through the viscores land the outer layer serially in the
turbulent boundary layer at the air-water interfadee total surface renewal rate is
considered as the arithmetic sum of the surfacewahrates caused by the turbulence
from the air-water interface and the turbulencenftbe water-bed interface. Then the
gas-liquid transfer rate model and its related fdem were developed for the combined
effects of wind and stream.

Further, though considerable empirical formulaeehlaeen developed for
wind-driven gas-liquid transfer rate, they are naltynlimited in their applicability due to
the specific experimental conditions under whiakytivere developed. A more generally
applicable relationship on wind-driven gas-liquidrisfer rate needs to be derived from

the formula of wind-stream-driven gas-liquid trasfate.
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4.2. Combined effects of Wind and Stream on Gas-ligd Transfer Rate

4.2.1. Model development

4.2.1.1. Serial resistance model

Both wind and stream exert shear forces at thevatier interface, which establish a
turbulent boundary layer in both air phase and malt@se. For sparingly soluble gases,
the turbulent boundary layer in the water phas®msidered to be much more significant
because the stagnant liquid film in water phaggeslominant in the gas transfer process
in comparison to the stagnant gas film in the hage. The turbulent boundary layer
includes an inner layer and an outer layer. Theritayer and the outer layer have a
common region, which is called the overlap layeside the inner layer, starting from the
air-water interface, there is a linear layer atmlifier layer underlain by the overlap layer.
The first two layers are named as the viscous |lageg. At the air-water interface, the
friction between air flow and water flow damps thebulence and thus a viscous layer
exists next to the friction interface based onTive-film Theory. At the distance far from
the friction interface, the flow becomes turbulértius, the turbulent boundary layer at
the air-water interface is assumed to be compokad/iscous layer and a turbulent layer

(similar to outer layer). Gas transferring fromtainwater bulk goes through the viscous
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layer and the turbulent layer serially. Thus, aaseesistance model is established to

describe the total resistance that the gas enasuntéhe turbulent boundary layer:

(4-1)

where K = gas-liquid transfer rate, m/si k= gas-liquid transfer rate controlled by
molecular diffusion, m/s; K = gas-liquid transfer rate controlled by turbuldiffusion,
m/s. Since resistance due to viscosity is predomimathe viscous layer, this layer can
be considered as a stagnant liquid film. In ths fimolecular diffusion is the driving
force of gas transfer. Thus,; Kcan be formulated based on the Two-film Theory

(Whitman 1923) as:

K, =2 (4-2)

where D = diffusion coefficient, ffs; 8, = effective thickness of viscous layer, m.

Turbulent diffusion is the main driving force ofgaansfer in the outer layer, turbulent
eddies carry gas to transfer through the outer leythe water bulk with a renewal rate
of r. Thus, gas-liquid transfer rate in the ougsel, K ., can be formulated according to

the Surface Renewal Theory (Danckwerts 1951; Darcsnl 953; Higbie 1935) as:
K. =+/Dr (4-3)
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where r = surface renewal raté&, Substitution Eq.4.2 and Eq.4.3 in Eq.4.1 yields:

(4-2)

whered, = thickness of viscous layer in turbulent boundager, m. The thickness of the
viscous layer is proportional to the ratio of kinatiscosity and shear velocity (White
2006). Similarly, the effective thickness of theoous layeb, is also proportional to the

ratio of kinetic viscosity and shear velocity:

5, =I— (4-5)

wherel” = equivalent coefficient of viscous layer thickees;v = kinematic viscosity,
m?/s; u = shear velocity, m/s. The viscous layer in thislg refers to the combination of
the linear layer and the buffer layer in turbulbatindary layer. For the water-bed
interface " has a constant value of 35 (White 2006); for atew interface, O'Connor
(1983) employed Eq.4.5 with a variable valud¢'dd develop a formula of wind-driven
gas-liquid transfer rate. Thus, Eqg.4.5 is also maned to be applicable to air-water

interface. Substitution of Eq.4.5 into Eq.4.2 ygld
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K, =2 (4-6)

The mixing length is the distance that the turbuleater parcel can move freely with the
vertical fluctuation velocity (Rubin and AtkinsoQ@1). Thus, the surface renewal rate is

determined by the mixing length and the verticattiation velocity as:
r:¥ (4-7)

where M = vertical velocity fluctuation, m/s; and | = migrlength, m. In the overlap
layer, the vertical velocity fluctuation is considd to be equal to the shear velocity
(O’Connor and Dobbins 1956):
M=u. (4-8)
Based on the Prandtl-von Karman mixing length hypsih) the mixing length in the
outer layer of the turbulent boundary layer is pmdipnal to the turbulent boundary layer
thickness (White 2006):
| = 0095 (4-9)
whered = turbulent boundary layer thickness, m.
The thickness ratio of the viscous layebpbver the inner layer is about 35 to 135.
The thickness ratio of the inner layer over thédtlgnt boundary layer @fis about 0.1
to 1 (Reynolds 1974). Thus, the thickness of twebuboundary layer df is proportional

to the thickness of the viscous layerefm):
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135,
S = T v _ 13505 (4_10)

0.1 r

whered = turbulent boundary layer thickness, m; &nd equivalent coefficient of
viscous layer thickness. Substitution of Eq.4.54EQ Eq.4.8, Eq.4.9 and Eq.4.10 into

Eq.4.6 yields:

U, u.l u.’

r= = = (4-11)
00% 12155, 1215v
Substitution of Eq.4.11 into Eq.4.3 yields:
Du,’
K, = (4-12)
o V1215y
and substitution of Eq.4.6 and Eq.4.12 into Eqydelds:
1,1 (4-13)
K. D Du,’
rY Vizis

U*

which is the formulae of gas-liquid transfer raighe turbulent boundary layer at the

air-water interface.

4.2.1.2. Multiple turbulence sources
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There are two turbulence sources in the gas trasgéem caused by both wind and
stream. One is at the air-water interface wherglautent boundary layer is established
by the shear forces of both wind and stream. Theras at the water-bed interface where
a turbulence boundary layer is established by hisarsforces of the stream flowing over
the bed. The former turbulence drives the gasatwster from the air-water interface to
the water bulk with a surface renewal rate The latter turbulence drives the same
surface renewal movement with a surface renewalrsaln this study it is assumed that
the total surface renewal rate of dissolved oxyigehe arithmetic addition of these two
surface renewal rates caused by the two kindsrb@itence respectively:

r=r,+Cr, (4-14)
where .= equivalent surface renewal rate at air-wateriate, §"; r,= surface renewal
rate at water-bed interface’;sand G = effective coefficient of the surface renewakrat
water-bed interface, which is determined by theaf of the wind on the surface
renewal rate at water-bed interface.

The gas-liquid transfer rate caused by the turlm@ext the air-water interface can be
obtained by substituting into Eqg.4.4, which equals to the gas-liquid transéte
obtained by substitutingdinto Eq.4.3. Thus, the equivalent surface reneatal that is

caused by the turbulence at the air-water interfagecan be formulated as:
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b1t 1 (4-15)
D JDr,
0.

1

whered; = thickness of viscous layer in turbulent boundager at the air-water
interface, m; and;= surface renewal rate at air-water interface Substitution of

Eq.4.14 into Eq.4.3 yields the total gas-liquichsfer rate:

K, :,/Dirle+Crr2i (4-16)

4.2.1.3. Formulation with shear velocity
At the water-bed interface, the shear velocity, , is caused only by the stream and

is formulated as (White 2006):

U, = | —2U (4-17)

where w, = shear velocity at water-bed interface, m/s; @ad:= skin-friction coefficient

at water-bed interface. In O'Connor's researct®988lon wind-driven gas-liquid transfer
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rate, Eq.4.17 was considered to be also applidabkhe shear velocity at air-water

interface with a different value for the skin-fiamt coefficient:

Uy =4—-U (4-18)

where w = shear velocity at water-bed interface, m/s; @ad= skin-friction coefficient
at air-water interface.

Normally the previous studies on wind-driven gagHidl transfer rate considered
wind speed as a one-dimensional variable. Howavevind-stream-driven systems, the
wind and stream directions may not be parallel.sTuthis study, the wind speed and
streamflow velocity are considered as a two-dineredisystem. At the air-water
interface, as Figure 4.1 shows, the effective veipeed is the vector difference of the

wind speed and the flow velocity:

W, =W -U (4-19)

where W = effective wind speed, m/s.
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Figure 4.1.  Vectors of wind speed and streamcityi@n the flat plane of air-water
interface

The relationship between the shear velocity in wakase and that in air phase is as

(O'Connor 1983):

u. = [Py, (4-20)

where u, = shear velocity at the air-water interface ingiase, m/s;-y = shear velocity
at the air-water interface in water phase, pys; density of air, 1.2 kg/fandp,, =
density of water, 998.2 kgAmAs the air-water interface is considered as a
two-dimensional system, the magnitude of the shelacity sum at the air-water

interface, w, is formulated from Eq.4.19 as:

T 2 4-21
Ug = y/Usg, Uy, (4-21)

Substitution of Eq.4.18 and Eq.4.20 into Eq.4.Z1d4:
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U, = L/Z::‘V\/g(wx ux)}2 {\/Z:;\/g(wy uy)}2 (4-22)

where G, = skin-friction coefficient at air-water interfacé/x = x-direction wind speed,
m/s; W, = y-direction wind speed, m/s;3 x-direction streamflow velocity, m/s; and, U

= y-direction streamflow velocity, m/s. In this stusynd speed is at the position of 10 m
above the water surface. With Eq.4.18 and Eq.A@3as-liquid transfer rate in Eq.4.16
can be formulated in terms of hydraulic paramesach as wind speed, free flow velocity,

air density, water density, skin friction coeffints, etc.

4.2.1.4. Effective viscous layer

When wind blows over a water surface, a sheassiseexerted at the air-water
interface which establishes a surface roughnesss, The roughness thickness is a
function of the shear velocity. As Figure 4.2 shptlie curve of roughness thickness has
three segments. From left to right, the roughnkeis&iiess decreases with shear velocity
until point A; then it increases from point A toipbB. When the roughness thickness is
equal to the thickness of viscous layer, the roeghrhickness will remain constant as

the shear velocity increases, which is shown asrtbeafter point B (O’Connor 1983).

80

www.manaraa.com



1.E+00

z
ov

1.E-01 - —---0vz

1.E-02

Z3

1.E-03

z,0v,0v-z (M)

1.E-04

1.E-05

1E-06 .
1.E-03 A 1 E-02 1.E-01 1.E+00

;_
o)

U (M/s)

z = roughness thickness, &; = thickness of viscous layer in turbulent bougdayer,
m; §-z = effective thickness of viscous layer, m; and ghear velocity, m/s

Figure 4.2.  Effective thickness of viscous lafer) (modified from O’Connor 1983)

In the first segment which is from zero to pointthe roughness thickness is

proportional to the ratio of kinetic viscosity ow@rear velocity (O’Connor 1983):

1
Z = ZU_ (4-23)
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where Z = roughness thickness in the first segment, maandoughness coefficient. In
the second segment which is from point A to pointh®, roughness thickness is

proportional to the square of the shear velocityQ@inor 1983):

2

(4-24)

(o]

where z = roughness thickness in the second segment,=mpughness coefficient; and
g = acceleration of gravity, 9.8 rfiysn the third segment which is after point B, the

roughness thickness pierces the viscous layer @aipland then remains constant:

L=1 (4-25)

where z = roughness thickness in the third segment, mzardoughness thickness
when viscous layer is completely pierced, m. Becélus@oughness pierces into the
viscous layer, the effective thickness of viscaygl is less than the viscous layer
thickness and equals the viscous layer thicknesasithe roughness thickness:
5,=0,-12 (4-26)
whered,e = effective thickness of viscous layer in the tleimt boundary layer, m; and z
= roughness thickness, m. This is displayed asléisbed line in Figure 4.2. The effective
viscous layer thickness represents the actualdtistevhere the gas encounters the

viscosity resistance during the transfer proceseeShe roughness thickness has three
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segments, the effective viscous layer thicknessialdudes three segments as Table 4.1

shows.

Table 4.1.  Effective viscous layer thicknessiffedent ranges of shear velocity at the
air-water interface

Ranges of shear velocity Effective viscous lay&kiiess
0<u. <u, 5ve=rou—lj—%lu—lj
U, SU <Ug §Ve:1“0u—lj—%*2
U, > Ug 0,=0

where ua = shear velocity at point A in Figure 4.2, m/sg g shear velocity at point B

in Figure 4.2, m/s.

In the first two segments, molecular diffusion e tviscous layer will be
predominant since the effective viscous layer théds is greater than zero. In the third
segment, turbulent diffusion in the outer layer Wwéd predominant since the viscous layer
is pierced completely by the roughness.

At point Ain Figure 4.2, the roughness thicknemstsséies both Eq.4.23 and Eq.4.24:

1
Z=——=—"— (4-27)

Thus, the shear velocity at point A can be obtain@ch Eq.4.27 as:
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1
gv |
=] = 4-28
U o [/ﬂa] (4-28)

At point B in Figure 4.2, the roughness thicknestssfies both Eq.4.24 and Eq.4.5:

- 4-29)
g u.
Thus, the shear velocity at point B can be obtafmeeh Eq.4.29 as:
1
g = (&j (@-30)
(04
Substitution Eq.4.30 in Eq.4.29 yields:
1
3 2
z, = [E] (Cv)s (4-31)
g

4.2.1.5. Model of combined effects of wind and si@@en on gas-liquid transfer rate

Substitution Eq.4.15 into Eq.4.16 yields the witileam-driven gas-liquid transfer

rate formulae as:

+r, (4-32)

O~
H

‘U‘I—‘
+
g

N7

84

www.manharaa.com




whered e = effective thickness of viscous layer in turbalbaundary layer at the
air-water interface, m. In Eq.4.32 the effectivecaus layer thickness has three segments

correlating to the three segments of the roughtiesisness formulae:

STV LV o<u,<| V| (4-33)
U, A4 Uy YN
2 } 1
- 1
5lve = FL o s 2 < U,y < (ngjs (4-34)
U, g La o
1
5u=0 (19 (435
(04

whered e = effective thickness of viscous layer in turbalbaundary layer at the
air-water interface, m;lI’ = equivalent coefficient of viscous layer thickeps=
kinematic viscosity, Ais; U1 = shear velocity at the air-water interface, i/s;
roughness coefficient; g = acceleration of gravitis’; anda = roughness coefficient.

In Eq.4.33 1 is recalled from Eq.4.11:

2
U,

r =
121.5v

(4-36)
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r, is recalled from Eq.3.5:

= H (4-37)

where = surface renewal rate at the air-water interfaer, = surface renewal rate at
the water-bed interface’su- = shear velocity at air-water interface, nv's; kinematic
viscosity, ni/s; U = flow velocity, m/s; and H = water depth, m.

In Eq.4.35 u is the shear velocity which are caused by windstrehm at the

air-water interface. The formula of;us recalled from Eqg.4.22 as:

2 2
[ 2 S = (S, | o[22 G - Cu, ) @
Pu 2 2 Lo 2 2 Y

where w = shear velocity at air-water interface, m/g; €skin-friction coefficient at
air-water interfacep, = density of air, kg/f pw = density of water, kg/fnW, = wind
speed at x direction, m/s; ¥ wind speed at x direction, m/s; 8 streamflow velocity
at x direction, m/s; and JJ streamflow velocity at y direction, m/s. The

wind-stream-driven gas-liquid transfer rate forneusae composed of Eq.4.32-4.38. The
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model formulated as Eq.4.32-4.38 is named as “Vindam-driven KL Model” in this

study.

4.2.2. Model testing

The gas-liquid transfer rate model developed inieee.2.1 incorporates the
combined effects of wind and streamflow. Thus, thadel can be applied to
stream-driven systems, wind-driven systems, andsiream-driven systems. For the
former two kinds of systems, considerable formaae experimental data sets have been
developed or obtained. Thus, they can be usedtahe model established in section
4.2.1. Then this model will be applied for the wistdleam-driven systems while only a
few experimental data for the combined effects midnand streamflow are available.

In order to test the model, it is applied in theeai-driven systems by setting the
wind speed to be zero, in the wind-driven systeynsditing the stream velocity to be
zero, and in the wind-stream-driven systems bynigtboth the wind speed and stream
velocity to be greater than zero. The predictioms the observations are displayed in
Figures 4.3-4.6.

The predicted stream-driven gas-liquid transfezgatith this model and the
observed data in the rivers are displayed in Figu8e The wind speed was set to be zero
when the wind-stream-driven gas-liquid transfee farmulae were applied in the

stream-driven systems. The observations in FigiBevére from the experiments
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conducted to measure the reaeration rates andvédweities in several rivers (O’Connor
and Dobbins 1956). Figure 4.3 shows that this mbdslreasonable predictions

compared with these observations in the streanedrsystems.

1.E-04
Exactly matching line
= Measured KL
| - u u |
L Wit
— . .
€ . -
£
o 1E-05 -
2 = -
]
1.E-06
1.E-06 1.E-05 1.E-04
KLm (m/s)

Figure 4.3.  Comparison of the calculations amdabservations of stream-driven
gas-liquid transfer rate from O’Connor and Doblit856)

The predicted wind-driven gas-liquid transfer raté$ this model and observations
are displayed in Figure 4.4 and Figure 4.5. The flelocity was set to be zero when the

wind-stream-driven gas-liquid transfer rate fornewgere applied in the wind-driven
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systems. The observed data in Figure 4.4 and Fi§jBrevere from the experiments
conducted to measure the reaeration rates andspmedls in wind-driven systems
(Broecker et al. 1978; Jahne et al. 1979). Botlufeigt.4 and Figure 4.5 show that this
model has reasonable predictions compared witbliservations in the wind-driven
systems. A specific value 6% in this model formed a prediction curve to talligtwa

specific data set, which will be discussed in detaisection 4.3.

1.E-02
s Broecker etal. 1978

—— This model

1.E-03 -

1.E-04 | 2t

KL (m/s)

1.E-05

1.E-06 -

1.E-07
1.E+00 1.E+01 1.E+02
W (m/s)

Figure 4.4.  Comparison of the calculations amdabservations of wind-driven
gas-liquid transfer rate obtained by Broecker e{1£178)
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1.E-02
a Jahne etal. 1979

—— This model

1.E-03 -

1.E-04 -

KL (m/s)

1.E-05

1.E-06 -

1.E-07
1.E+00 1.E+01 1.E+02 1.E+03

W (m/s)

Figure 4.5.  Comparison of the calculations amdabservations of stream-driven
gas-liquid transfer rate obtained by Jahne etl8I79)

A few experiments have been conducted to measerwitid speeds, the stream
velocities, and the gas-liquid transfer rates elind-stream-driven systems (Chu and
Jirka 1995, 2003). The results of five cases is¢hexperiments were used to test the
model developed in this study. Case 3 is a countexot case, namely the wind speed is
opposite to the flow velocity in this case; cas@,14 and 5 are cocurrent cases, namely
the direction of wind speed is the same as th#iowf velocity in these cases. The value
of 0.03 for the coefficient of Cr is obtained byjusling the predictions of case 1 to tally

the measured values in case 1. Then, Cr = 0.Q%oised for cases 2-5. As Figure 4.6
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shows, the predictions made by this model (compHtgy) tallied well with the

measured values (KLm) of the above experimentsdoh case.

1.E-04
— Exactly matching line
o KLpl
8.E-05 & KLp2
x KLp3 i
x KLp4
Q) 6E05 I | KLp5 Ah
E
S * X
X 4E-05 - o -
X
o =X AX
2.E-05 ¢ A
X X
0.E+00
0.E+00 2.E-05 4.E-05 6.E-05 8.E-05 1.E-04

KLm (m/s)

Notes: KLpl, KLp2, KLp3, KLp4, and KLp5 are fiveaups of predicted gas-liquid
transfer rates in wind-stream-driven systems withrhodel developed in this research

Figure 4.6.  Comparison of the calculations amdabservations of

wind-stream-driven gas-liquid transfer rate fronu@md Jirka (1995,
2003)

The above comparisons of predictions with this nhadd the observations from the
experiments showed that this model has reasonaddkcions on the gas-liquid transfer

rate.
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4.2.3. Conclusions

In this study, a model named as Wind-stream-drkieiodel and its related
formulae were developed to describe the gas-littaiksfer rate from air to water bulk
under the combined effects of wind and stream. frfudel was developed based on Two
Film Theory and Surface Renewal Theory. The conoépirbulent boundary layer
structure, vector sum of shear velocities, effectiscous layer thickness, and sequential
resistance exerted by the turbulent boundary Iplgrimportant roles in the
development of this model. This model correlatesgas-liquid transfer rate with the
hydrodynamic parameters like wind speed, streawcity] water depth, air density,
water density, water viscosity, etc. The gas-liquahsfer rates predicted with this model
show reasonable agreement with the observations efglied to stream-driven systems,
wind-driven systems, and wind-stream-driven systérhgs model considered the
combined effects on gas-liquid transfer rate frasthlwind and stream processes. Thus,
it can be applied for one-dimensional streams witivithout wind blowing over the
stream flows, one-dimensional estuaries with ohauit wind blowing over the estuaries,

and static lakes with wind blowing over the waterface.
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4.3. Formulations for Wind-driven Gas-liquid Transfer Rate

4.3.1. Wind-driven gas-liquid transfer rate model

A wind-stream-driven gas-liquid transfer rate molked been developed in section
4.2. It will be reduced to a wind-driven gas-ligaiensfer rate model in this section.
Considerable empirical formulae have been estadisbr the wind-driven gas-liquid
transfer rate. Some of them such as Broecker'slahde’s formulae discussed in section
4.2 were developed based on experiments condutiatiaratories, while some of them
were developed based on experiments conductedeamscFor the high wind speed
segments of these empirical formulae, wave breatirtgubble-mediated gas-liquid
transfer may occur, which causes much more increfite total gas-liquid transfer rate
than the pure wind-driven gas-liquid transfer. Tibe predictions of the empirical
formulae in the high wind speed segments are grédaa those of the pure wind-driven
gas-liquid transfer rate model. In order to tes, th theoretical wind-driven gas-liquid
transfer rate model needs to be established.

The formula of wind-streamflow-driven gas-liquicdtsfer rate (Eq.4.32-4.38)
represented the combined effects of wind and sti@agas-liquid transfer rate. By
setting the flow velocity to equal zero, a formafavind-driven gas-liquid transfer rate

can be obtained. When the flow velocity equals zerequals zero, and,land U equal
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zero respectively. Then, a formula of wind-drivexsdiquid transfer rate can be derived

as:

(4-39)

1 1
K, = = 1 2
p. Ci cC,w +C,W
g Pa =i
—1_ pg 2 W2
D g
1
when @ /|
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where G = coefficient of wind-driven gas-liquid transfete in segment 1;4; Cy=
coefficient of wind-driven gas-liquid transfer ratesegment 2; andsG- coefficient of
wind-driven gas-liquid transfer rate in segment3 wind-driven gas-liquid transfer
rate formula is reasonable as a specific caseeoivthd-stream-driven gas-liquid transfer

rate formula which has been successfully tested.

4.3.2. Model applications

In section 4.2, when the wind-stream-driven gasidiqeansfer rate model is applied
to a specific wind-driven system, the equivaleitkhess coefficient of the overlap layer
I' introduced in Eq.4.10 needs to be adjusted tp tlaél predictions of this model with
the experimental data set in the specific wind-emigystem. However, it is difficult to
determine this coefficient theoretically as it etefmined by the specific conditions of
experiments or applications. The equivalent thiskneefficient of the overlap layer
needs to be adjusted when this wind-driven gaséditpainsfer rate formula was applied
for specific sets of experimental data or empirfoainulae.

Broecker et al. (1978) measured the carbon diosiddange rate in a large wind

wave tunnel with 18 m length, 1 m width and 0.5 ntewaepth. The wind was generated
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by a fan with the speed up to 26 m/s. The referges-liquid transfer rates were up to
2.2 x 10* m/s. As Figure 4.4 showed, agreements between tlegajenodel and the
Broecker's experimental data were obtained wherr 6 and I'=1.

Jahne et al. (1979) did an experiment on wind-aryas-liquid transfer rate in a
wind tunnel with 0.1 m depth and 0.1 m width. Agu¥e 4.5 showed, agreements
between the general model and the Jahne's expeahaaté were obtained when =
0.06 and IT'= 2.

Each empirical formula on wind-driven gas-liquidrsfer rate was established from
a specific set of experimental data. As the expenisiwere conducted under specific
experimental conditions, the obtained empiricaihfolae have limited application ranges.
The wind-driven gas-liquid transfer rate formuldganbed in this study is a theoretical
formula and thus has general application rangegirés 4.4-4.5 show that gas-liquid
transfer rate has different values under the same gpeed for different wind-driven
systems. It is postulated that the valué ag determined by specific conditions of the
wind-driven systems. Agreements between the generdél and the empirical formulae
were obtained by adjusting the valudofFurthermore, the predictions of the general
formula developed in this study can be compared thi¢ existing empirical formulae to
check their application ranges.

Liss and Merlivat (1986) established an empiricairfula on wind-driven gas-liquid

transfer rate stated in three segments as:
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K, = 017W (W < 3.6 m/s)

K, = 283N - 965 (3.6 m/s <W < 13 m/s) (4-40)
K, =59W-493 (W> 13 m/s)

Comparison between the general model and the ListMdieformula (1986) was

obtained for wind speeds from 1 to 8 m/s when16. As Figure 4.7 shows, for wind

speed less than 8 m/s, reasonable agreements wangedlbetween this model and

Liss-Merlivat formula; while for wind speeds greatiean 8 m/s, the Liss-Merlivat

formula predicted greater values than the modetid@ed in this study.

1.00E-02

—-—-—-Liss and Merlivat 1986
— This model

1.00E-03

1.00E-04

KL (m/s)

1.00E-05

1.00E-06

1.00E-07
1.00E+00 1.00E+01 1.00E+02

W (m/s)

Figure 4.7.  Comparison between this model andLigseMerlivat empirical formula
when a = 125 and I'=7 (W = wind speed; and k= gas-liquid transfer
rate)
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A cubic relationship between wind-driven gas-ligtriahsfer rate and wind speed

was developed by Wanninkhof and McGillis (1999):
K, = 109W — 0.333V2 +0.078N 3 (4-41)

Comparison between the general model and the WamoicGillis formula (1999)
was obtained for wind speeds from 1 to 8 m/s wiherd. Similar to Figure 4.7, Figure
4.8 shows that for wind speed less than 8 m/s, red®agreements were obtained
between this model and Wanninkhof-McGillis formuldhile for wind speeds greater
than 8 m/s, the Wanninkhof-McGillis formula pre@édtgreater values than the model

developed in this study.
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1.00E-02 /
- - —— Wanninkhof and McGillis 1999 7

—— This model R4

1.00E-03

1.00E-04
9
E
<
1.00E-05
1.00E-06 -
1.00E-07
1.00E+00 1.00E+01 1.00E+02
W (m/s)

Figure 4.8.  Comparison between this model and\eninkhof-McGillis empirical
formulawhena = 10 and T'=1. (W = wind speed; and k= gas-liquid
transfer rate)

In Figure 4.4 and Figure 4.5, all of the three segt® of the formula developed in
this study had reasonable agreements with the iexpetal data sets. However, in Figure
4.7 and Figure 4.8, only the first two segmentthefformula had reasonable agreements
with the empirical formulae while the third segmbat lower predictions than the
empirical formulae. Broecker's and Jahne's expetiswere conducted at the laboratory
scale, while Wanninkhof-McGillis formula was obtainedm the experiments conducted

in oceans. Thus, other factors like wave breakiniguinble-mediated gas-liquid transfer
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in oceans could have important effects when win@dp large enough, which would
increase the gas-liquid transfer rate.

For the coefficient of equivalent thickness of thecous layer in Eq.4.10 Gulliver
and Stefan (1984) suggested a value of 10 basedroa flume experiments. In this
study multiple values ranging from 1 to 7 were seldd¢o adjust this coefficient’) and
multiple values ranging from 0.06 to 125 were seld¢b adjusta in the formula of
wind-driven gas-liquid transfer rate (Eq.4.32-4.88)natch the experimental data and
empirical formulae.

The experimental conditions can be divided inte¢hctategories: laboratory scale,
intermediate scale and field scale (O’Connor 1988ymally the depths of the wind
tunnels used for laboratory scale range from Otd 5 m (Broecker et al. 1978). The
water depths in field scale are normally greaten thase in laboratory scale, e.g. many
experiments on carbon dioxide exchange rate wergumbed in oceans. Table 4.2
showed the roughness coefficients in field scaleevgeeater than those in laboratory
scale; but it was not certain if this is a geneitabsion. More empirical formulae with

known experimental conditions need to be explored.
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Table 4.2.  Comparison of coefficients of equinakickness of overlap layer

. Equivalent
Empirical formulae .
. Roughness coefficient of
or experimental Scale . . References
coefficient, a viscous layer
data sets .
thickness, I'
. Wanninkhof
ninkhof- . -
\I\//Ivigilllis foormulae field scale 10 1 and McGillis
1986
Broecker's laboratory 6 1 Broecker et
experimental data scale al. 1978
Jahne's laboratory 0.06 5 Jahne et al.
experimental data scale ' 1979

4.3.3. Conclusions

A theoretical formula of wind-driven gas-liquid isfer rate was derived from the
formula of wind-stream-driven gas-liquid transfate developed in section 4.2. The
formula was adjusted to match existing experimeatditd sets and empirical formulae by
specifying the equivalent thickness coefficientistous layel” and roughness
coefficient a in Eq.4.32-4.38. Agreements between the generaéhaodl the
Liss-Merlivat formula were obtained for wind speeainfr1 to 8 m/s whena = 125 and
I' = 7; while for similar wind speeds, agreements Widmninkhof’s formulae were
obtained whena = 10 and I" = 1. Some other values bfand a were obtained by
applying this general formula on other sets of expental data. It was found that the

empirical formulae had greater predictions thanthivel segments of the model
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developed in this study. Thus, other factors like@vareaking or bubble-mediated
gas-liquid transfer in oceans could speed the igasltransfer rate in field conditions.
Comparisons showed that the roughness coefficiarfisldl scale were greater than those
in laboratory scale; but it would not be certaithis was a general conclusion until more

empirical formulae and experimental data sets wepéoeed.
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CHAPTER V
SURFACE RENEWAL RATES FROM THREE TYPES OF
TURBULENCE SOURCE LOCATIONS IN WATER
BODIES

5.1. Introduction

As discussed in section 3.2.1, according to theaSarRenewal Theory, the
gas-liquid transfer rate is determined by the sigrf@newal rate and molecular diffusion
coefficient.

K, :\/E (5-1)
In the natural water bodies, the air-water interfaélce , water-bed interface and the
transition location of shear flows are three typelecations where the surface renewal
rate is caused by the friction.

In the gas-liquid transfer rate formulae for unfoone-dimensional flow such as
O'Connor and Dobbins formula (1956), the surfacewaheate caused by turbulence
generated from the water-bed interface was considerbe predominant in determining
the gas-liquid transfer rate at the air-water isteef When wind blows over water and

water flow is negligible, turbulence is generatedrfriie air-water interface.
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Considerable empirical relationships have beerbkskeed for the wind-driven gas-liquid
transfer rate (Broecker 1978; Jahne 1979; LissMadivat 1986; Wanninkhof 1992;
Wanninkhof and McGillis 1999). A theoretical moaal wind reaeration rate has been
developed (O'Connor 1983), in which the surfacewaheate caused by the turbulence
generated from the air-water interface is considevedbtermine the gas-liquid transfer
rate in the wind-driven system. Apart from frictiahthe air-water interface and the
water-bed interface, in complex flow fields the fioct at the transition location of shear
flows is another source of the surface renewal m@vmof the water parcels which
brings the dissolved oxygen from air to water biikus, a formula of gas-liquid transfer
rate caused by the turbulence at a transition imcaf shear flows needs to be

developed.

5.2. Formulae development

5.2.1. Gas-liquid transfer rate caused by turbulene generated from transition
location of shear flows

Shear flows often exist in non-uniform flows likeattfied flows and complex
three-dimensional flows. The friction at the tréisi location of shear flows in complex
flow fields is the driving source of turbulence whicauses the surface renewal

movement of water parcels to bring the dissolvedyeryfrom air to water bulk.
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The flow velocity profile in free shear flows was pospd by Gortler (1942) as:

u(y)=U,+(U, —Ul)%|:1+ erf(ﬂﬂ (5-2)

X
Where u = flow velocity in shear layers, m/s;= 13.5; y = distance from the interface,
m; X = streamwise coordinate tangential to the mgwnterface, m; Y= flow velocity in
upper flow layer, m/s; andA¥+ flow velocity in lower flow layer, m/s. The symbof

"erf" is an abbreviation for the error function whiis defined as:
erf(z) = Ii e?dz (5-3)
Jr

where z = argument of the error function. After sitbBhg Eq.5.3 into EQ.5.2,
differentiation of the left side and the right siofeEq.5.2 yields:
du

Rkl (U —U )ige[axyjz (5-4)
dy 2 1 \/; N

The maximum of the derivativeg—u, can be obtained by letting y equal zero in Eq.5.4
y

d_a :(UZ_Ul)G 5-5
[dy)max VX o

Eq.5.5 is used to formulate the shear stress.
Turbulent viscosity is a function of the flow veitycin the upper layer and the flow
velocity in the lower layer (White 2006):
v, =KU,__(U,,U,)b (5-6)
wherevr = turbulent viscosity, is; K = 0.016; Whay(Ui,Ui.1) = maximum of Yand U,

(White 2006); and b = the shear layer spreading aatl is given as:
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b(x) = 0.121x (5-7)
Eqg.5.6 and Eq.5.7 are also used to formulate tbarsttress.
Shear stress is proportional to the flow velocitgdient. In turbulent flow, the

coefficient is the turbulent viscosity (White 2006)

T=V; [3—;} (5-8)

wherer = shear stress, NfimSubstitution of Eq.5.5, Eq.5.6 and Eq.5.7 intoS5ERyyields:

0121

oKU__(U,U,)U,-U, -
T \/; max( 1 X ) (5 9)

Shear velocity is defined by (Munson 1994):

u = | & (5-10)

where u = shear velocity, m/g; = phase density, kginSubstitution of Eq.5.9 into

Eq.5.10 yields:

. :\/0.1210K|U2—U1|U ma U, U ) (5-11)

Nz p

As discussed in section 3.2.1, the surface reneat@l(r) is the function of the

mixing length (I) and the vertical fluctuation veity (|\_/|) as:

The vertical fluctuation velocity decreases actbssspace from the friction interface

to the isotropic turbulent flow bulk. At the frion interface where the turbulence is
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generated, the vertical fluctuation velocity hasaximum and is assumed to be equal to
shear velocity:

M =u, (5-13)
where u = shear velocity at friction interface, m/s. Thaubge fluctuating velocity scale
in the bulk isotropic turbulent flow is in fact tkame order of magnitude as that at the
interface, the shear velocity is considered tofggg@imate zero in the bulk isotropic
turbulent flow for convenience:

M=u,=~0 (5-14)
where u, = shear velocity in isotropic bulk flow far awaypm friction interface, m/s. In
order to simplify the formula, the arithmetic avgeaof u; and u, will be considered as
the equivalent vertical fluctuation velocity usedfe calculation of the gas-liquid

transfer rate:

M Uy ; Uiy, (5.15)

A more general expression from Eq.5.15 is as:
M=Cyu. (5-16)
where G, = coeffcient of equivalent vertical fluctuationloeity.
For the isotropic turbulent flows, an empiricalat@nship between the mixing
length and the water depth is as (Hamada 1953n#ladi 1943; Schijf and Schonfeld
1953):

| = 01H (5-17)
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where H is the water depth.

Substitution of Eq.5.15 and Eq.5.17 in Eq.5.12dsel

U, +U,
2 E(u,ki +U,) (5-18)
0.1H H

where u = shear velocity at the two-phase interface, arsl, thus can be replaced with

Eq.5.11 and ¢ can be replaced with Eq.5.14. Then, the surfacewal rate r is:

(5-19)

> N

_5 0.1215K|U,-U,U ., (U,,U,)
H
The gas-liquid transfer rate caused by the sumr@aecewal movement of water parcels

driven by the turbulence from the transition logatof shear flows is as Eq.5.20 by

substituting Eq.5.19 into Eq.5.1:

(5-20)

H \/;p

where K = gas-liquid transfer rate, m/s; D = diffusion ffiméent, nf/s; H = water depth,

. _\/SD\/0.12]0K|U2—U1|Umax(U1,U2)
_|5D

m; K =0.016;c = 13.5;
p = density, kg/rfy U; = flow velocity in upper layer, m/s;4& flow velocity in lower

layer, m/s; and khx = maximum of Y and U, m/s.

5.2.2. Gas-liquid transfer rate caused by turbulene generated from water-bed
interface
Based on the definition of the skin friction coeiint G, the shear stress is as

(Munson 1994):
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C
7= péU 2 (5-21)

where T = shear stress, NfinC; = skin friction coefficient; and U = free flow \aity,
m/s. The shear velocity is defined as (Munson 1994)

T (5-22)

Substitution of Eq.5.21 into EQ.5.22 yields theasheelocity as a function of free flow

velocity:

C
U, =,|—U (5-23)
2

Similar to the formula development of gas-liquidrsfer rate caused by turbulence
generated from transition location of shear flothis, equivalent vertical fluctuation
velocity in Eq.5. 15 and the empirical relationsbipmixing length in Eq.5.17 were used
for the formula development of gas-liquid transfaie caused by turbulence generated
from water-bed interface. Substitution of Eq.5H#6,5.17 and Eq.5.23 in Eq.5.12 yields:

Cf
Conl 21U
r:_ﬁﬁ%_ (5-24)

Substitution of Eq.5.24 into EQ.5.1 yields:

C
Csv ADU %
K = | 2 _aY (5-25)
L - 1
0.1H H2

where K = gas-liquid transfer rate, m/s; D = diffusion daéént, nf/s; U = free flow

velocity, m/s; H = water depth, m; A = coefficientgds-liquid transfer rate;s(=
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coeffcient of equivalent vertical fluctuation velkyg and G = skin friction coefficient.
Eqg.5.26 is the formula of gas-liquid transfer reaesed by the surface renewal
movement of water parcels driven by the turbulenomfwater-bed interface. It has the
same form as the formula of riverine reaeratioa teveloped by O’Connor and Dobbins

in 1956.

5.2.3. Gas-liquid transfer rate caused by turbulene generated from air-water
interface

A formula of shear velocity at the air-water intedavas developed in Chapter 4:

U, = NZ::‘V\/%(WX ux)}2 {\/Z:;\/g(wy uy)}2 (5-26)

where w = shear velocity at air-water interface, s air density, kg/th pw = water

density, kg/m Cyy = skin-friction coefficient at air-water interfadg; = streamflow
velocity at x direction, m/s; |+ streamflow velocity at y direction, m/s;, wind speed
at x direction, m/s; and Y¥ wind speed at y direction, m/s. This formula inmrated
the combined effects of wind speed and flow velocitythe shear velocity at the
air-water interface. When wind speed is uniform dimensional and water flow is at
rest, EQ.5.26 can be simplified as:

C.,p.W?
U, = ZPaT (5-27)
2p,
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where W = uniform one-dimensional wind speed, méas8tution of Eq.5.17 and

2
(5 [CupW (5-28)
HY 2p,

Substitution of Eq.5.28 into Eq.5.1 yields:

5D |C,,pW?
K = 2= /— i
L \/H 2pw (5-29)

where K = gas-liquid transfer rate, m/s; D = diffusion ffiséent, nf/s; W = wind speed,

Eq.5.27 into EqQ.5.12 yields:

m/s; H = water depth, np, = density of air, kg/fh pw = density of water, kg/fnand G
= skin-friction coefficient at air-water interfacéq.5.29 is the formula of gas-liquid
transfer rate caused by the surface renewal moveoferater parcels driven by the
turbulence from air-water interface. It can be edeed as a formula of wind-driven
gas-liquid transfer rate that is simplified frone ttormula of wind-stream-driven

gas-liquid transfer rate that is developed in Céaiagt

5.3. Comparison of effects of three kinds of intedices on gas-liquid transfer rate

In natural water bodies, the water-bed interfagelmathe predominant turbulence
source, e.g. in stream-driven gas-liquid transystesn; the air-water interface can stand
alone as the turbulence source, e.g. in the winskdrgas-liquid transfer system. Thus,
the formulae of shear velocity, shear stress, sarnfanewal rate and gas-liquid transfer

rate caused by turbulence generated from theséitwls of interfaces can be tested with
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the stream-driven or wind-driven gas-liquid tranggperimental data and empirical
formulae. However, normally the transition locatmirshear flows will not stand alone as
the turbulence source in the natural water boéiesexample, in complex
three-dimensional flows, the air-water interfat¢e water-bed interface, or both will
stand together with the transition location of shtavs as the turbulence sources. Thus,
it is difficult to directly verify the formula ofteear velocity, shear stress, surface renewal
rate and gas-liquid transfer rate caused by turtlm@l@enerated from the transition
location of shear flows. However, the comparisonal€ulation results from the formulae
on these three kinds of interfaces will be an ecliimethod to test whether the formulae
for transition location of shear flows are reasd@ahs the friction at the transition
location of shear flows is greater than that atdinevater interface and less than that at
the water-bed interface with the same amount oémiéaw velocity or wind speed, the
magnitudes of the shear velocity, shear stres@irenewal rate and gas-liquid transfer
rate for the transition location of shear flows be¢ween those for the air-water interface
and those for the water-bed interface.

Based on the formulae of Eq.5.20, Eq.5.25 and E9,%he shear velocity, shear
stress, surface renewal rate and gas-liquid traratfie at the air-water interface, the
transition location of shear flows and the wated-lrgerface can be calculated. Figure
5.1 shows two layers that are separated by arfasterThe layers could be air, water, or

bed. The interface could be the air-water interf#loe transition location of shear flows,
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or the water-bed interface. The phase velocityddel streamflow velocity or wind

speed.

Phase velocity

»
»

Upper layer

Interface

< Lower layer
Phase velocity

Figure 5.1.  Two layers (air, water, or bed) sapet by an interface (air-water
interface, transition location of shear flows, aatar-bed interface)

Four cases are tested. In case 1, it is suppoaeébtithe air-water interface, a wind
of 0.2 m/s blows over a water surface; for theditaon location of shear flows, the upper
layer of water moves at 0.2 m/s over the lowerdafavater which is stagnant; for the
water-bed interface, a turbulent flow moves aldsgnater bed and the free stream
velocity is 0.2 m/s. The corresponding calculatiesults were displayed in Table 5.1.
Similarly another three cases were explored wherenvater flow velocities or wind
speeds were 0.8 m/s, 2 m/s and 6 m/s respectiMadyresponding calculation results are
displayed in Tables 5.1-5.4 respectively. The vigjoaf 0.2 m/s and 0.8 m/s represented
the low and high water flow velocities respectivehe velocity of 2 m/s and 6 m/s

represented the low and high wind speeds respéctive
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Table 5.1.

Calculation results when the phasecitglis 0.2 m/s

Transition

Air-water . Water-bed
Parameters . location of .
interface interface
shear flows
Phase in upper layer air water water
Phase in lower layer water water bed
Phase density in upper layer, 195 1000 1000
kg/n?
Phase density in lower layer, 1000 1000 ~1000
kg/n?
Shear velocity, y m/s 3.10x 10 7.69 x 10' 2.88 x 10°
Shear stress, N/nt 9.60 x 10 5.90 x 10' 8.31x 10
Surface renewal rate, f*'s 6.20 x 10' 1.54 x 10° 5.77 x 10
Gas-liquid transfer rate, Km/s 1.11 x 18 1.74 x 10 1.07 x 10

Table 5.2.  Calculation results when the phasecitglis 0.8 m/s
Air-water Tran§|t|on Water-bed
Parameters . location of .
interface interface
shear flows

Phase in upper layer air water water

Phase in lower layer water water bed

Phase density in upper layer, 195 1000 1000

kg/n?

Phase density in lower layer, 1000 1000 ~1000

kg/n?

Shear velocity, 4 m/s 1.24¢ 10° 3.07x 10° 1.15x 10"

Shear stress, N/nt 1.54x 10° 9.44x 10° 1.33x 10*

Surface renewal rate, i's 2.48x 10° 6.15x 10° 2.31x 10"

Gas-liquid transfer rate, Km/s 2.21x 10° 3.48x 10° 2.13x 10°
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Table 5.3.  Calculation results when the phasecitglis 2 m/s
Air-water Tran§|t|on Water-bed
Parameters . location of .
interface interface
shear flows
Phase in upper layer air water water
Phase in lower layer water water bed
Phase density in upper layer, 195 1000 1000
kg/n?
Phase density in lower layer, 1000 1000 ~1000
kg/n?
Shear velocity, 4 m/s 3.1 10° 7.69x 10° 2.88x 10!
Shear stress, N/nt 9.60x 10° 5.90x 102 8.31x 10*
Surface renewal rate, f*'s 6.20x 10° 1.54x 102 5.77x 10%
Gas-liquid transfer rate, Km/s 3.5k 10° 5.50x 10° 3.37x 10°

Table 5.4.  Calculation results when the phasecitglis 6 m/s
Air-water Tran§|t|on Water-bed
Parameters . location of .
interface interface
shear flows
Phase in upper layer air water water
Phase in lower layer water water bed
Phase density in upper layer, 195 1000 1000
kg/n?
Phase density in lower layer, 1000 1000 ~1000
kg/n?
Shear velocity, 4 m/s 9.3 10° 2.31x 107 8.65x 10!
Shear stress, N/nt 8.64x 102 5.31E-01 7.4% 10
Surface renewal rate, f*'s 1.86x 102 4.61x 102 1.73x 18
Gas-liquid transfer rate, Km/s 6.05 10° 9.53x 10° 5.84x 10°

Tables 5.1-5.4 show that the shear velocity, seass and their corresponding

surface renewal rate and gas-liquid transfer ratbeawater-bed interface are the greatest,

followed by those at the transition location ofgh#ows and then by those at the
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air-water interface. With the same flow velocitywand speed, the friction at the
transition location of shear flows is between thidte air-water interface and that at the

water-bed interface. Thus, the predictions usingp2Q are considered reasonable.

5.4. Conclusions

The gas-liquid transfer rate is determined by thel tsurface renewal rate and the
molecular diffusion coefficient. The total surfaemewal rate is a function of the shear
velocity which is determined by the friction at-aiater interface, transition location of
shear flows, and water-bed interface. The formolaghear velocity, shear stress, surface
renewal rate and gas-liquid transfer rate causedrtylence generated from these three
types of turbulence source locations are develapéus study. The comparison of these
parameters showed that these three kinds of icesfhave different significance in
affecting the gas-liquid transfer rate. The wated-nterface has the greatest significance;

followed by the transition location of shear floausd then by the air-water interface.
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CHAPTER VI
GAS-LIQUID TRANSFER RATE IN WIND AND DYNAMIC
THREE-DIMENSIONAL FLOW SYSTEMS

6.1. Gas-liquid transfer rate in wind and dynamic hree-dimensional flows systems

6.1.1. Introduction

Many factors like streamflow, wind, etc. influerite gas-liquid transfer rate; Kin
wind-driven systems, wind is the predominant fadboithe gas transfer process. When
wind blows over water, turbulence is generatethattr-water interface, which is the
driving force for the surface renewal movementhef water parcels. Considerable
empirical relationships have been establishedhemtind-driven gas-liquid transfer rate
(Broecker 1978; Jahne 1979; Liss and Merlivat 188&nninkhof 1992; Wanninkhof and
McGillis 1999). A theoretical model on wind gastlid transfer rate has been developed
(O’Connor 1983). In stream-driven system, when windegligible, stream is the
predominant factor for the gas transfer proceseM#tream flows over bed, turbulence
is generated at the water-bed interface and theair interface. Both kinds of

turbulence are driving forces of the water parcaisface renewal movement. Efforts
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have been exerted to build empirical formulae (€Chilir1962; Owens and Gibbs 1964).
Some theoretical models have been developed (O&Z@ma Dobbins 1956; Langbein
and Durum 1967; Wilcock 1984).

Widely used stream-driven gas-liquid transfer fatenulae include the
O’Connor-Dobbins’ formulae (Eqg.6.1), Churchill'srfaulae (Eq.6.2), and Owens-Gibbs’

formulae (Eq.6.3) (Chapra 1997):

05

K, = 455x10°x v — (6-1)
s U

K, = 582x10 XW (6-2)
5 U 067

KL = 616)( 10 XW (6_3)

where U = depth-averaged water flow velocity, rafs] H = water depth, m. All of these

formulae are expressed in the form of:

B
K = A (6-4)

H C
where A, B and C = constant coefficients. Thesentdae work well with rivers that have
one-dimensional uniform flow velocities. However application to water bodies with
complex three-dimensional flows like tidal estusyii is difficult to determine what

water depth and average flow velocity should belusé¢he formulae. For example, in an
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estuary with two stratified layers, the upper laged lower layer typically have opposite

flow directions as Figure 6.1 shows:

A R R
i i

"'"-i.,.:_.-'_;hb_h-:'-"*i'
-

-
":-ﬁ.r'.b_}h

Figure 6.1.  Velocity fields in flood tide simuiah in Conway Estuary (modified from
Scott, 2005)

It is assumed that the average velocity at locatimequal to zero (as in the null
zone). If the average velocity and the total waegth at location A are used in Eq.6.4,
the gas-liquid transfer rate is equal to zero. Hexuethe gas-liquid transfer rate at
location A is actually greater than zero. Thus,ube of the depth-averaged velocity and
total water depth in the formulae like Eq.6.4 frasfied flows is problematic. The same
problem will exist in more complex wind and dynarthicee-dimensional flow systems.
Thus, a new model and related formulae for gasditpansfer rate needs to be developed

for application to complex systems with wind anahayic three-dimensional flows.
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6.1.2. Model development

6.1.2.1. Boxes model

In one-dimensional uniform flow there are no sh&aws inside the water body. The
surface renewal rates caused by the turbulencecomhe from the air-water interface and
the water-bed interface but not from the transitaoation of shear flows inside the water
body. Thus, the whole water body can be considaseal single water column. The
average velocity and total water depth are usethfocalculation of gas-liquid transfer
rate using Eq.6.4.

However, for the water bodies with complex threeehsional flow, their hydraulic
characters cannot be represented by a single aveedacity and the total water depth.
They have to be divided into many small computatieatements (boxes) with each one
having three-dimensional velocities. The interfackthe water boxes are composed of
the air-water interface, the transition locatiorsbéar flows or the water-bed interface.
The total surface renewal rates can be determingdtiae hydraulic parameters of the
water boxes. All of the turbulence generated froendir-water interface, the transition
location of shear flows and the water-bed interfaes affect the gas-liquid transfer rate.

Surface Renewal Theory (Danckwerts 1951; Danckwi%3; Higbie 1935) is a
classical theory to describe the gas-liquid trangfecess. This theory proposes that the

turbulent eddies carry the water parcels up to tlearir-water interface for a period
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when the gas is transferred from air to the waéecgd. Then the water parcel is entrained
down to the water column. Another parcel is broughtind the gas transfer process is
repeated. The gas-liquid transfer rate at the ateminterface is determined by the total
surface renewal rate and the molecular diffusiogffc@ent as:
K, = JDr (6-5)
where D = diffusion coefficient, ffs; and r = surface renewal raté, b the present
study, it is assumed that the total surface reneatalis the arithmetic sum of all of the
effective surface renewal rates which are causeatidyurbulence generated from the
air-water interface, the effective horizontal amdtical transition location of shear flows
and/or water-bed interface:
r=>r, (6-6)
where f, = surface renewal rate’.sThis assumption will be tested with the predicsiof
the model of gas-liquid transfer rate in wind agdamic three-dimensional flow systems.
If the predictions are reasonable, this assumptitiralso be considered reasonable. In
dynamic flows, the flow field changes as a functadrtime. The transition location of
shear flows formed in later time steps possiblyckdothe turbulent movement of the
water parcels from the lower transition locatiorsbéar flows formed in the earlier time
step. All of these effects need to be incorporatemithe new model.
Hydrodynamic computer software models like the Eorvinental Fluid Dynamics

Computer Code (EFDC) divide the water body inteéhdimensional cells by gridding
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the water surface and dividing the water depth sstweral layers. These hydrodynamic
models can provide hydraulic parameter files comtgi water depth distribution data and
three-dimensional flow velocity data. Thus, foregwdimensional flows, a box model can
be developed to develop the formula of gas-liquachdfer rate at the air-water interface
from the predicted layer depths and three-dimemditiow field. The schematic diagram

is as Figure 6.2:

kA

KL / J

v

Figure 6.2.  The objective water column and ifa@eht water columns
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The objective water column is located at (i,j). Tgective gas-liquid transfer rate is
KL, at the air-water surface of this water columr).(Epr the purpose of this study, it is
assumed that [ is affected by the turbulence generated from ttexfaces at the edge
of or inside this water column including the airtefinterface, the horizontal transition
location of shear flows, the vertical transitiocdtion of shear flows, and the water-bed
interface. It is further assumed that the totalesie renewal rate will be the arithmetic
sum of all of the surface renewal rates from trefertive interfaces. The horizontal
spatial distribution of the gas-liquid transferemtan be obtained after the gas-liquid

transfer rate at the air-water interface on eadem@lumn is determined.

6.1.2.2. Effects of friction at air-water interfaceon gas-liquid transfer rate
The surface renewal movement caused by the turbellgenerated from the
air-water interface is a driving force of the gagtd transfer process. The formula of

surface renewal rate has been developed in Chagater

5 /C W?
r‘awzﬁ % (6'7)
Pw

where g, = surface renewal rate cuased by the turbulemce &ir-water interface;’s H
= water depth, m; &£ = skin-coefficient coefficient at air-water intace;p, = density of
air, kg/n?; pw= density of water, kg/fnand W = wind speed, m/s. The combined effects

of wind and the flow layer next to the air-wateteriace are incorporated into Eq.6.7.
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6.1.2.3. Effects of friction at horizontal transiton location of shear flows on
gas-liquid transfer rate

When horizontal transition location of shear flogygst in the water body, the one
next to the air-water interface is considered asefffective horizontal transition location
of shear flows. The friction at this interface dantbe turbulent movement from the
lower transition location of shear flows though sowater parcels may transfer from
lower flow layer to this layer. The surface renewmlvement caused by the turbulence
generated from this effective transition locatidrsloear flows is a driving force of the
gas transfer at the air-water interface. The rdl&emula of surface renewal rate has

been developed in Chapter 5 as:

(- 5 \/OlZJGK|U2_U1|Umax(U1’U2) (6-8)

> =

H
wherec = 13.5; K = 0.016p = density of medium, kg/nU; = flow velocity in upper
layer, m/s; Y = flow velocity in upper layer, m/s; andqkk = maximum of Y and U,

m/s.

In the objective water column, there is a horizbtrensition location of shear flows
between any two adjacent water boxes, but onlywatevork as the effective horizontal
transition location of shear flows. The determioatof the location of the effective
transition location of shear flows is as the aldon shown below. A typical flow velocity
profile in the objective water column with multighexes piling up vertically is as Figure

6.3:
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v

Figure 6.3.  Flow velocity profile in the objeatiwater column with multiple boxes
piling up vertically

In the objective water column, the horizontal boxesrfaces are analyzed from top to
bottom. Figure 6.4 shows two adjective water bqikisg up in the objective water

column with each one having a three-dimensiona¥ flelocity.
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ui,il(

uij(k+l Y

v

uij(k+l X

Figure 6.4. Two adjective water boxes piling nphe objective water column

The included-angle of two vectors can be calculatit the vector dot product. The

horizontal included-angle of the velocities of #jacent boxes is calculated as:

(uijk o T Uy J)‘ (Uii(kﬂ)xi + U ki) j) (6-9)

‘uijk,xi + Ui y jHuij(k+l),x| Ui (ke1)x )

cosY, =

where6, = included-angle in Xy planesij = velocity at x direction in layer k, m/s;
Ujk+1)x = velocity at x direction in layer (k+1), m/siy = velocity at y direction in layer
k, m/s; yu+1)y = velocity at y direction in layer (k+1), m/s; iwater surface location at i
coordinate, and | is the maximum at i coordinatel p= water surface location at |
coordinate, and J is the maximum at j coordinake. ificluded-angle of the flow
velocities in two adjacent water boxes ranges féotm 2z. It is assumed in this study that
if %< o, <377T , this horizontal interface is considered as aectffe horizontal
transition location of shear flows. The effectivater depth is as:

H=h (6-10)
where h = water depth in layer 1, m. Otherwise fitiction at this horizontal interface

will be ignored and the next horizontal transitlonation of shear flows will be analyzed
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in the same way. This analysis needs to be prodespeatedly until the first effective
horizontal interface with horizontal included-angleater than% and less than‘?’g iS

found. The effective water depth is consideredd@$:

k
H=>h (6-11)

k=1

where k = layer number where the effective tramsitocation of shear flows is located.

6.1.2.4. Effects of friction at water-bed interfaceon gas-liquid transfer rate

If the effective horizontal transition location sfiear flows stated in section 6.1.2.3
can be found from one of the transition locatiorsloéar flows in the objective water
column, the water-bed interface will not be consadieto contribute to the total surface
renewal rate. Otherwise, if such effective horizbhtansition location of shear flows
cannot be found, the surface renewal rate causéadeltyirbulence from the water-bed
interface will be considered as the effective hamtal interface. Under this situation, the
turbulence generated from the water-bed interfa@®nsidered to be an effective driving
force of the gas transfer at the air-water intexfade related formula of surface renewal

rate is discussed in Chapter 5 as:

oV 2 (6-12)

where G = skin-friction coefficient at water-bed interfadéhe effective water depth

equals to the total water depth of the objectivéeweaolumn as:
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H =

K
h, (6-13)
K=

1

where K = the total number of layers of the objeztvater column. When this effective
horizontal transition location of shear flows igetenined with the above algorithm,

lower horizontal transition location of shear flods not need to be considered since the
turbulence generated from them has no direct dartian to the surface renewal
movement of the water parcels in the water coluetwben the air-water interface and

the effective horizontal transition location of ahélows.

6.1.2.5. Effects of friction at vertical transitionlocation of shear flows on gas-liquid
transfer rate

Friction occurs at the vertical transition locatiminshear flows between the objective
water column ij and those around it. The water owis (i-1)j, (i+1)j, i(]-1), and i(j+1)
affect the objective gas-liquid transfer rate;K in the same way (see Figure 6.2). The
surface renewal rates caused by the turbulence @iedefrom the interfaces in yz planes
between the objective column and the (i-1)j onéher(i+1)j one contribute to the total
surface renewal rate. The included-angle on thelaize of the velocities of the adjacent

water boxes are as:

(uijk,yi + uijk,zj)' (uij(k+l),yi + uij(k+1),z J)

‘uijk,yl + Uy, )

cosd, =

(6-14)

uij(k+l),yi + uij(k+1),z J
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where6, = included-angle in yz planesyy = velocity at y direction in layer k, m/s;
Ujk+1),y = Velocity at y direction in layer (k+1), m/syu = velocity at z direction in layer
k, m/s; and j+1),, = velocity at z direction in layer (k+1), m/s. Slan to 6, in section
6.1.2.3, if %< o, <377[, this interface is considered as an effectiveia@rtransition
location of shear flows. Since normally the numbiethe water flow layers is basically
limited, the calculation complexity of the algonthused for the horizontal interfaces in
the objective water column is limited. Howevercgirthe water column number (I x J) is
much greater than the flow layers amount (K), therdthm used for the horizontal
transition location of shear flows will not workfiefently. Another algorithm is needed
as follows to provide a rough estimate of effedtthe surrounding water columns on the
gas-liquid transfer rate at the air-water surfatcthe objective water column: The shear
velocity at the vertical interface of the objectivater column is always considered as an
effective one and the effects of the water colunwisadjacent to the objective water
column are ignored. The shear velocity at the gartransition location of shear flows in

xz plane is discussed in Chapter 5 as:

_\/0.12]0K|Ui ~U, Uy UiV, ) (6-15)
u* =
Vrp

where u = shear velocity, m/s; ¥ flow velocity in water box i, m/s; and,.U= flow
velocity in water box (i-1), m/s.
The surface renewal rates caused by the turbulgewerated from the interfaces in

yz plane between the objective column and the)igiie or the i(j+1) one contribute to
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the total surface renewal rate. The included-angléhe yz plane of the velocities of the

adjacent boxes is calculated as:

(uijk,zi + uijk,xj)' (uij(k+1),zi + uij (k+1),xj)
U o1 + Uy ]

cosy, =

, (6-16)

ik 2 Ui sy 2 F Uy (k1) )
where6y = included-angle in zx planesyu = velocity at x direction in layer k, m/s;
Ujk+1)x = velocity at x direction in layer (k+1), m/syu = velocity at z direction in layer
k, m/s; and j+1),, = velocity at z direction in layer (k+1), m/s. Slan to 6, in section

o T 3T ... . . . . .
6.1.2.3, if > <0, <7, this interface is considered as an effectiveie@rtransition

location of shear flows. Similar to Eq.6.15, theahvelocity at the vertical transition

location of shear flows in yz plane is discusse@lvapter 5 as:

[02236KU; —U; U (U, U ) (6-17)
u* =
Jzp

The surface renewal movement of the water pareelsex by the friction at the
vertical transition location of shear flows is as®d to have similar mechanism as that
caused by the friction at the horizontal transitimeation of shear flows. Thus, Eq.6.8
can also be used to calculate the surface renew@lThe objective water column has
transition location of shear flows with four adgetwater columns with multiple water
boxes. The included-angles of flow velocities fdfedent transition location of shear
flows around the objective water column are diffeérd hus, some of these transition
location of shear flows are effective ones, whtleeos are not. Only the area of the

effective transition location of shear flows is sa®ered as effective area. Thus, an area
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coefficient needs to be added into Eq.6.8. Thuessthface renewal rate formula caused

by the turbulence from the vertical transition loeca of shear flows is as:

(6-18)

r :H: 05y (Cau.) _5¥ (Cau.) 55 \/0.1210K|U2 “UUU,0))

| 0.1H H H Jzp

where G = area coefficient equal to the ratio of the dffexvertical interface area over

the total vertical interface area.

6.1.2.6. Effects of dynamic flows on gas-liquid trasfer rate

The flow fields in some water bodies such as tgaliaries are dynamic. The
dynamic flows cause the re-distribution of trasitlocation of shear flows inside the
objective water column. If at time (t+1) a new effee transition location of shear flows
is above the one at time t, and the distance betwese two interfaces is greater than
the distance of the water parcels moving up froengffective transition location of shear
flows at time t and the part of the vertical traéiosi location of shear flows which are
below the effective transition location of sheamfs at time of (t+1), this movement is
assumed for this study to be ineffective and haveantribution to the gas transfer at the
air-water interface of the objective water colur@therwise, this movement is
considered to be effective and the related sunfacewal rates will be considered as
components of the total surface renewal rate. Tieets of dynamic flows on gas-liquid

transfer rate cannot be expressed in form of adéanbut they can be implemented in
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the computer program in calculating the gas-liguashsfer rate using the assumptions

described above.

6.1.2.7. Model of gas-liquid transfer rate in windand three-dimensional flows
systems

It is assumed in this study that the total surfacewal rate is the arithmetic sum of
the surface renewal rates.

F=> 1, =law+Fxy+ Fyz+ Fax (6-19)
where g, = surface renewal rate caused by the turbulece &ir-water interface;’s
which is formulated as Eq.6.%; = surface renewal rate caused by the turbulenee fro
horizontal transition location of shear flows in pdanes, 3, which is formulated as
Eq.6.8 when a transition location of shear flowthes effective horizontal interface and
as Eq.6.12 when the water-bed interface is thetftehorizontal interface,s= surface
renewal rate caused by the turbulence from vertieakition location of shear flows in
yz planes, §, which is formulated as Eq.6.8 when a transit@mgation of shear flows is
the effective horizontal interface and as Eq.6.h2mthe water-bed interface is the
effective horizontal interface;s= surface renewal rate caused by the turbulece fr
vertical transition location of shear flows in zepes, g, which is formulated as
Eq.6.18.

Substitution of EQ.6.19 into EQ.6.5 yields:
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K, = /D(raw+ rxy+ ryz + rzx) (6-20)
where K = gas-liquid transfer rate, m/s; and D = diffusamefficient, Mi/s. Eq.6.20 is
the gas-liquid transfer rate at the air-water faige of the objective water column. Thus,
the formula of gas-liquid transfer rate in wind @hcee-dimensional flow systems is
composed of Eq.6.7, Eq.6.8, Eq.6.12, EQ.6.18 an@.B@} This is a formula for
non-dynamic flow fields. Because of the complexifyhe algorithms used in developing
this formula, a computer program needs to be coal@dplement this formula. For the
dynamic change of the flow fields, the related atfpon showed in section 6.1.2.6 needs
to be incorporated into the computer program. Thedehdeveloped in this section is

named as “Wind-dynamic-3D-flows-driven KL Model” this study.

6.1.3. Model testing

The complexity of the model of gas-liquid trangfate in wind and dynamic
three-dimensional flow systems requires a computegram to implement it. Especially
when this model is applied into complex flow fieldgidal water bodies, only a
computer program can process the complex tasksseeggnizing the effective
horizontal transition location of shear flows, ingorating the effects of dynamic change
of the flow field on the gas-liquid transfer rafdws, a FORTRAN program named as
"KL Program" was coded to implement the model depetl in this study (Appendix B).

This program can calculate the gas-liquid transfe values in wind and dynamic
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three-dimensional flow systems to test the modskrtion 6.1.2 and are included in
Appendix B along with representative input and atifges (Appendix C-E). The
schematic diagram of this program is as Figure Bhats program uses the water depth
and flow velocity data generated by the EFDC maddahputs and then processes them
based on the model of gas-liquid transfer rateimdvand dynamic three-dimensional
flow systems to calculate the gas-liquid transé&te 1on the water surface of each water

column in the tidal estuaries.
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Read water depth
and flow velocity

If the horizontal transition
location of shear flows is the
effective horizontal interface

X A\ 4

Calculate surface renewal rate a
horizontal transition location of
shear flows

Calculate surface renewal rate dt
water-bed interface

Calculate surface renewal rate at
vertical shear-flows interface

Calculate surface renewal rate dt
air-water interface

Calculate total surface renewal
rate and gas-liquid transfer rate

Figure 6.5.  Schematic diagram of gas-liquid tlangate program (KL Program)
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Table 5.1-5.4 show that the gas-liquid transfee nathe normal wind and flow
systems has the value in the level of from 0.01Gaon/day. The wind-stream-driven
gas-liquid transfer rate experimental results shbind=igure 4.6 also has value in this
level. Thus, in this chapter, this value level vl used to check if the predictions with
KL program are reasonable.

In order to test the models, this program wereiadph various kinds of wind-water
systems from simple one-dimensional uniform flowheut wind blowing over the water
surface to complex dynamic three-dimensional flewith wind blowing over the water
surface. As Figure 6.6 shows, the water body usecthbdel testing consists of 4 x 4 x 4

boxes and the total water depth is 9.9 m.
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|

Figure 6.6.  Water body used for model testings@iimg of 4 x 4 x 4 boxes

6.1.3.1. In one-dimensional uniform flows

When this model was applied for the one-dimensiongbrm flow with velocity of
0.5 m/s at positive i direction (Figure 6.7), positj direction (Figure 6.8), and northeast
direction (45 to positive i direction) in ij plane (Figure 6.@spectively, the calculated
gas-liquid transfer rate values by the KL programtae same and equal to 0.758 m/day,

which is also the same as that calculated with @¥6oand Dobbins' formula (Eq.6.1).
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For this case, the effective interface is the whtst interface, H = 9.9 mand U = 0.5 m/s.

Thus, the model was verified in case of one-din@raiuniform flow in any direction.

Ak Al

v

v

v

v

v

v

v

v

v

»
»
|

Figure 6.7.  One-dimensional uniform flow with @eity of 0.5 m/s at positiove i
direction
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Figure 6.8.  One-dimensional uniform flow with @eity of 0.5 m/s at positive |
direction
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Figure 6.9.  One-dimensional uniform flow with @eity of 0.5 m/s at northeast
direction (45 to positive i direction) in ij plane

When this model was applied for the one-dimensistratified flows with velocity
of 0.5 m/s in positive i direction in the upper til@w layers and velocity of 0.5 m/s in
negative i direction in the lower two flow layersafnely the net depth-averaged velocity
equals to zero as in Figure 6.10), the calculatedliguid transfer rate by the KL
program is 0.235 m/day. This value is less thahiththe one-dimensional uniform flow
of 0.758 m/day. This is considered reasonable smtee stratified flows the surface
renewal rate is mainly caused by the friction attlansition location of shear flows;
while in the one-dimensional uniform flow the swdaenewal rate is mainly caused by

the friction at the water-bed interface.
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Figure 6.10. One-dimensional stratified flows witfo layers

When this model was applied for a more complex @ingensional stratified flow as

Figure 6.11 shows, the calculated gas-liquid temsdte by the KL program is 0.41

m/day.
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Figure 6.11.  One-dimensional stratified flowshtihree layers
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6.1.3.2. In two-dimensional complex flows

When this model was applied to two-dimensional omhere the velocity
magnitude is a constant of 0.5 m/s but the veladiitgction is random at positive |,
negative i, positive j, or negative j directione tbalculated gas-liquid transfer rates by
this KL program ranged from 0.18 m/day to 0.84 ng/aehich are considered reasonable
since they are in the value level from 0.1 to 5ay/ds stated at the beginning of section
6.1.3.

When this model was applied for the two-dimensidloal where the velocity
magnitude is a constant of 0.5 m/s but the velatittgction is random at northeast (1,1,k),
northwest (-1,1,k), southeast (1,-1,k), southwest1,k) direction, the calculated
gas-liquid transfer rates by the KL program ranfyech 0.24 m/day to 0.83 m/day, which
are considered reasonable since they are in the \@lel from 0.01 to 10 m/day as

stated at the beginning of section 6.1.3.

6.1.3.3. In three-dimensional flows

A data file with three-dimensional flow fields wesnstructed for the model testing
(Appendix F). This program was applied for this stoncted flow field and the gas-liquid
transfer rate values were calculated for all watdumns. The statistical results of these

values are as Table 6.1, which shows the compusdiguid transfer rates for the test
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are within a reasonable range of value since theynathe value level from 0.01 to 10

m/day as stated at the beginning of section 6.1.3.

Table 6.1.  Statistical results of gas-liquid &fan rate values in three-dimensional

flows
Statistic Maximum,  Minimum, Average, Mode, count of
parameters m/day m/day m/day m/day records
values 0.83 0.24 0.53 0.41 16

6.1.3.4. In dynamic flow fields

A data file with dynamic three-dimensional flowlfle was constructed for model
testing (Appendix G). At time (t+1), a new effe@itransition location of shear flows
(named as interface 2 here) is formed above thahatt (named as interface 1 here). In
case 1, if the distance between interface 1 amufatde 2 is less than the distance of the
water parcels moving up from the interface 1 duthmgtime from (t+1) to t, the surface
renewal movement of these water parcels contritautiee total surface renewal rate. In
case 2, if the distance between interface 1 amdfate 2 is greater than the distance of
the water parcels moving up from the interface tinduthe time from (t+1) to t, the
surface renewal movement of these water parcetetioontribute to the total surface
renewal rate. For case 1, the calculated gas-ligjaitsfer rate value is 0.23 m/s. For case

2, the calculated gas-liquid transfer rate valug 14 m/s, which is less than that in case 1.
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This is considered reasonable since the blockddeirenewal movements in case 2 do

not contribute to the total surface renewal rate.

6.1.4. Conclusions

In this study, a model named as Wind-dynamic-3iwf-driven KL Model and its
related formulae were developed for the gas-liquadsfer rate in the wind and dynamic
three-dimensional flow systems. This model was ldgezl based on the Surface
Renewal Theory. The assumption of arithmetic acdataun of surface renewal rates,
shear flows, boxes model, and the shear veloati¢ise air-water interface, the water-bed
interface, the horizontal transition location oéahflows and the vertical transition
location of shear flows played important rolesha tlevelopment of this model. This
model correlates the gas-liquid transfer rate witte and the hydrodynamic parameters
like wind speed, three-dimensional flow velocitiester depth, air density, water density,
etc. The gas-liquid transfer rates predicted wiik model appeared reasonable when
applied to one-dimensional uniform systems, wind ane-dimensional flow systems.
The gas-liquid transfer rates predicted with thadel also appeared reasonable when
applied to three-dimensional flow systems, wind dydamic three-dimensional flow

systems.
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6.2. Gas-liquid Transfer Rate in Tidal Water Bodies

6.2.1. Introduction

The application examples in section 6.1 are symthedter bodies which have only
64 water boxes. The natural tidal water bodies sischstuaries that delineated by
hydrodynamic models typically include many compiotal elements (water boxes),
where complex flow fields exist. These dynamicatevdodies include
three-dimensional flow, stratified flows, perioditigles, etc. The application of the
existing formulae of gas-liquid transfer rate islgematic as they were developed from
rivers with one-dimensional flow. When tides mozipdically in the water bodies, they
cause the water flow to forward and back periodlicaliuse the water depth to increase
and decrease periodically, introduce water wavethersurface, and provoke stratified
flows inside the water bodies.

A model of gas-liquid transfer rate in wind and dgric three-dimensional flow
systems has been developed in section 6.1. Theceurénewal rates caused by the
turbulence from the air-water interface, water-bgdrface and transition location of
shear flows may contribute to the total surfacevel rate. This model also incorporates

the effects of the wind and the dynamic changdoet field on the gas-liquid transfer
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rate. In this section, this model is applied takivater bodies using predictions of the

three-dimensional hydrodynamic model.

6.2.2. Methodology

6.2.2.1. EFDC model

The Environmental Fluid Dynamics Code (EFDC) isi@é-dimensional
hydrodynamic model (EPA 2007). "EFDC uses stretaresigma vertical coordinates
and Cartesian or curvilinear, orthogonal horizootadrdinates to represent the physical
characteristics of a waterbody" (EPA 2007). It barapplied for water bodies such as
estuaries to simulate three-dimensional flow veé&s;iwhich along with the water depth
distribution can be used as the input hydrauli@peaters files of the gas-liquid transfer
rate calculation program (KL Program).

Savannah Estuary is located close to the bordéeofgia and South Carolina with
outlet to the Atlantic Ocean. The preprocessorEDE, VOGG, was used to delineate
the Savannah Estuary (Tetra Tech, Inc. 2002). &beltris as Figure 6.12 shows. The
water surface of this estuary is gridded into 228 cells and the water body is divided

into 3 layers.
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(5,102)

(5,90)

(5,80)

River 1

CRI NN

Figure 6.12.  EFDC preprocessor results for Seafaiistuary (modified from Tetra
Tech Inc. 2002)
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6.2.2.2. KL Program
The KL Program in section 6.1 is applied to theg®amah Estuary to calculate the
gas-liquid transfer rates by using the water depithflow velocity data from the EFDC

model applications.

6.2.3. Results and Discussions

6.2.3.1. Application in Savannah Estuary

The EFDC was applied to the Savannah Estuary (Teith, Inc. 2002). In this study,
the water body is divided into 3 layers and theliappon period is 1 day with a set of
records once an hour. After running the EFDC progrthe three-dimensional flow
velocity data are obtained. The KL Program in sec6.1 are used to calculate the
dynamic gas-liquid transfer rate distribution alidugh the water surface of the Savannah
Estuary. The statistical results of the calculagas-liquid transfer rates are as Table 6.2

shows:
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Table 6.2.  Statistical results of the calculajaed-liquid transfer rates on the water
surface of each water column in the Savannah Bstuar

Statistic Maximum,  Minimum, Average, Mode, Count of
parameters m/day m/day m/day m/day records
values 1.94 0.00 0.19 0.13 15720

Table 6.2 shows that the calculated gas-liquidstiexrrates are in the reasonable value
range since they are in the value level from 001 m/day as stated at the beginning of

section 6.1.3.

6.2.3.2. Gas-liquid transfer rate at estuary outlet

The gas-liquid transfer rate and flow velocity asdtions of time at location (8,2)
are displayed in Figure 6.13. Location (8,2) ithatestuary outlet edge (Figure 6.12).
Thus, Figure 6.13 shows the dynamic gas-liquidsfienrate values and flow velocities at
estuary outlet edge during a day. At this locatloere is a semidiurnal tide in the
Savannah Estuary with a tidal period of about 12d@@s. The maximum flow velocity
is about 0.04 m/s at positive i direction and @38 at positive j direction. When the
flow reaches its maximum magnitude, the computedligaid transfer rate has
maximum value; when the flow velocity crosses zéne,computed gas-liquid transfer

rate has minimum value as would be expected.
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0.3

0.25 +

—<— U3y, m/s
—— KL, m/day

-0.05 +

Flow velocity (m/s) or gas-liquid transfer rate

-0.1

Time (hour)

Uix = flow velocity at x direction in layer 1;4J= flow velocity at y direction in layer 1;
Uax = flow velocity at x direction in layer 2;4J= flow velocity at y direction in layer 2;
Usx = flow velocity at x direction in layer 3;4/J= flow velocity at y direction in layer 3;
and K = gas-liquid transfer rate.

Figure 6.13.  Gas-liquid transfer rate and flodoegy as functions of time at location
(8,2) (Figure 6.12)

6.2.3.3. Gas-liquid transfer rate in the middle oestuary

The gas-liquid transfer rate and flow velocity asdtions of time at location (8,10)
(Figure 6.12) are displayed in Figure 6.14. Loca{®,10) is in the middle of the estuary.
The flow velocities at this location, especiallg thow velocities at x direction, have

fewer tidal wave characteristics than those aestaary outlet. The separation of the
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flow velocity at layers 1 and 3 and the flow vetgat layer 2 shows the flow is stratified
and shear flows occur at this location. The existent the transition location of the shear
flows shows the turbulence generated at the tiandication of shear flows is
predominant in affecting the gas-liquid transfed éhe turbulence generated at the
water-bed interface is blocked by the transiticzatton of shear flows in computation.
The average computed gas-liquid transfer rateasita®.13 m/day, which is less than that

at the estuary outlet edge of 0.19 m/day as woelldxpected.
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Ulx = flow velocity at x direction in layer 1; UEyflow velocity at y direction in layer 1;
U2x = flow velocity at x direction in layer 2; U2yflow velocity at y direction in layer 2;
U3x = flow velocity at x direction in layer 3; U3yflow velocity at y direction in layer 3;
and KL = gas-liquid transfer rate.

Figure 6.14.  Gas-liquid transfer rate and flodoegy as functions of time at location
(8,10) (Figure 6.12)

6.2.3.4. Gas-liquid transfer rate at river outlet

The gas-liquid transfer rate and flow velocity asdtions of time at location (3,19)
(Figure 6.12) are displayed in Figure 6.12. Loga{i®,19) is at the entry of river 1 to the
Savannah Estuary. Figure 6.15 shows that the matgstof the flow velocities are very

small at the entry of the estuary and the flowfeaser tidal wave characteristics. The
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flow velocities in all the layers are the same tingir magnitudes are different. It was
postulated that the gas-liquid transfer rate wasrdened mainly by the magnitudes of
the flow velocities in this case. The values ofdls-liquid transfer rate varies with the
magnitude of the flow velocity along the time axite average of the computed
gas-liquid transfer rate at location (3,19) is On@®lay, which are considered reasonable

since they are in the value level from 0.01 to 1@ay as stated at the beginning of

section 6.1.3.
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Ulx = flow velocity at x direction in layer 1; UEyflow velocity at y direction in layer 1;
U2x = flow velocity at x direction in layer 2; U2yflow velocity at y direction in layer 2;
U3x = flow velocity at x direction in layer 3; U3yflow velocity at y direction in layer 3;
and KL = gas-liquid transfer rate.

Figure 6.15.  Gas-liquid transfer rate and flodoegy as functions of time at location
(3,19) (Figure 6.12)

The gas-liquid transfer rate and flow velocity asdtions of time at location (6,19)
(Figure 6.12) are displayed in Figure 6.16. Loca{i®,19) is at the entry of river 2 to the
Savannah Estuary. The trends of gas-liquid tranaterand flow velocity at location
(6,19) are similar to those at location (3,19). Vakies of the gas-liquid transfer rate
vary mainly with the magnitude of the flow velocifiyhe average of the computed

gas-liquid transfer rate at location (6,19) is On@day, which are considered reasonable
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since they are in the value level from 0.01 to ¥0ay as stated at the beginning of

section 6.1.3.
0.16
—— Ulx, m/s
0.14 + ——Uly, m/s
012 —o— U2x, m/s
—=— U2y, m/s
0.1+ —a— U3x, m/s
0.08 + —— U3y, m/s

—— KL, m/day

Flow velocity (m/s) or gas-liquid transfer rate

D
-0.02 ~

-0.04

Time (hour)

Ulx = flow velocity at x direction in layer 1; UEyflow velocity at y direction in layer 1;
U2x = flow velocity at x direction in layer 2; U2yflow velocity at y direction in layer 2;
U3x = flow velocity at x direction in layer 3; U3yflow velocity at y direction in layer 3;
and KL = gas-liquid transfer rate.

Figure 6.16.  Gas-liquid transfer rate and flodoegy as functions of time at location
(6,19) (Figure 6.12)

6.2.3.5. Gas-liquid transfer rate in tidal river
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The gas-liquid transfer rate and flow velocity asdtions of time at location (3,27)
(Figure 6.12) are displayed in Figure 6.17. Thevfleelocity has tidal wave
characteristics, which shows that the effectsd# #ire significant. The period of the
wave is about 20% of that in the estuary outletisT the gas-liquid transfer rate varies

much more dramatically with the flow velocity.
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Ulx = flow velocity at x direction in layer 1; UEyflow velocity at y direction in layer 1;
U2x = flow velocity at x direction in layer 2; U2yflow velocity at y direction in layer 2;
U3x = flow velocity at x direction in layer 3; U3yflow velocity at y direction in layer 3;
and KL = gas-liquid transfer rate.

Figure 6.17.  Gas-liquid transfer rate and flodoegy as functions of time at location
(3,27) (Figure 6.12)
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The gas-liquid transfer rate and flow velocity asdtions of time at location (6,27)
(Figure 6.12) are displayed in Figure 6.18. Thevfleelocity also has significant tidal
wave characteristics, but both the gas-liquid fiemsate and flow velocity in river 2 are
different from those in river 1 as Figure 6.17 skdtough they are located at the same
distance from the estuary entry, which may be chbyehe difference of the physical

characteristics of River 1 and River 2.
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Flow velocity (m/s) or gas-liquid transfer rate

-0.05
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Ulx = flow velocity at x direction in layer 1; UEyflow velocity at y direction in layer 1;
U2x = flow velocity at x direction in layer 2; U2yflow velocity at y direction in layer 2;
U3x = flow velocity at x direction in layer 3; U3yflow velocity at y direction in layer 3;
and KL = gas-liquid transfer rate.

Figure 6.18.  Gas-liquid transfer rate and flodoegy as functions of time at location
(6,27) (Figure 6.12)
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6.2.3.6. Gas-liquid transfer rate in non-tidal river

The gas-liquid transfer rate and flow velocity asdtions of time at location (5,50),
(5,60), (5,70), (5,80), (5,90), and (5,102) (Fig@r&2) are displayed in Figure 6.19-6.24
respectively. With the increase of the distancenftbe estuary entry, the tidal wave
characteristics in the flow decreased until theyenmmpletely lost. Thus, the turbulence
generated from the water-bed interface becomeddhenant driving force of the
gas-liquid transfer. The flow becomes slow whegokes from the rivers to the estuary as
the water width increases. Figures 6.19-6.24 stmavwith the increase in distance from
the estuary entry, the flow velocity magnitude @ases from 0.05 m/s to 0.2 m/s which

causes the gas-liquid transfer rate to increase @37 m/day to 1.8 m/day.
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Ulx = flow velocity at x direction in layer 1; UEyflow velocity at y direction in layer 1;
U2x = flow velocity at x direction in layer 2; U2yflow velocity at y direction in layer 2;
U3x = flow velocity at x direction in layer 3; U3yflow velocity at y direction in layer 3;
and KL = gas-liquid transfer rate.

Figure 6.19.  Gas-liquid transfer rate and flodoegy as functions of time at location
(5,50) (Figure 6.12)
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Ulx = flow velocity at x direction in layer 1; UEyflow velocity at y direction in layer 1;
U2x = flow velocity at x direction in layer 2; U2yflow velocity at y direction in layer 2;
U3x = flow velocity at x direction in layer 3; U3yflow velocity at y direction in layer 3;
and KL = gas-liquid transfer rate.

Figure 6.20.  Gas-liquid transfer rate and flodoegy as functions of time at location
(5,60) (Figure 6.12)
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Ulx = flow velocity at x direction in layer 1; UEyflow velocity at y direction in layer 1;
U2x = flow velocity at x direction in layer 2; U2yflow velocity at y direction in layer 2;
U3x = flow velocity at x direction in layer 3; U3yflow velocity at y direction in layer 3;
and KL = gas-liquid transfer rate.

Figure 6.21.  Gas-liquid transfer rate and flodoegy as functions of time at location
(5,70) (Figure 6.12)
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—— Ul1x, m/s
—— Uly, m/s

Flow velocity (m/s) or gas-liquid transfer rate

Time (hour)

Ulx = flow velocity at x direction in layer 1; UEyflow velocity at y direction in layer 1;
U2x = flow velocity at x direction in layer 2; U2yflow velocity at y direction in layer 2;
U3x = flow velocity at x direction in layer 3; U3yflow velocity at y direction in layer 3;
and KL = gas-liquid transfer rate.

Figure 6.22.  Gas-liquid transfer rate and flodoegy as functions of time at location
(5,80) (Figure 6.12)
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—— Ul1x, m/s
—— Uly, m/s

15+ —— U2x, m/s
—=— U2y, m/s
1L —— U3x, m/s
—<— U3y, m/s
> —e— KL, m/day
S 05 +
E

Flow velocity (m/s) or gas-liquid transfer rate

Time (hour)

Ulx = flow velocity at x direction in layer 1; UEyflow velocity at y direction in layer 1;
U2x = flow velocity at x direction in layer 2; U2yflow velocity at y direction in layer 2;
U3x = flow velocity at x direction in layer 3; U3yflow velocity at y direction in layer 3;
and KL = gas-liquid transfer rate.

Figure 6.23.  Gas-liquid transfer rate and flodoegy as functions of time at location
(5,90) (Figure 6.12)
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— Ulx, m/s
—— Uly, m/s
15 + —— U2x, m/s
—=— U2y, m/s
16 —— U3x, m/s

—— U3y, m/s
—— KL, m/day

-05 +

Flow velocity (m/s) or gas-liquid transfer rate

Time (hour)

Ulx = flow velocity at x direction in layer 1; UEyflow velocity at y direction in layer 1;
U2x = flow velocity at x direction in layer 2; U2yflow velocity at y direction in layer 2;
U3x = flow velocity at x direction in layer 3; U3yflow velocity at y direction in layer 3;
and KL = gas-liquid transfer rate.

Figure 6.24.  Gas-liquid transfer rate and flodoegy as functions of time at location
(5,102) (Figure 6.12)

6.2.4. Conclusions

The hydrodynamic model EFDC was used to simulaealtmamic flow field in the
tidal Savannah Estuary based upon an applicatiofetg Tech, Inc. (2002). A
FORTRAN program were written based on the modeglastliquid transfer rate in wind

and dynamic three-dimensional flow systems developsection 6.1. With the outputs
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from the EFDC model including the water depth dod/fvelocities, the KL program
predicted the gas-liquid transfer rate values erstirface of each gridded water column
throughout the Savannah Estuary in multiple tinepst The application demonstrated
that the space distribution and dynamic changeetts-liquid transfer rate in tidal
water bodies can be simulated with the combinediegtpns of the EFDC and the
FORTRAN program developed in this study. The diatisresults of the calculated
values showed they are reasonable since they éne walue level from 0.01 to 10 m/day

as stated at the beginning of section 6.1.3.
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CHAPTER VI
CONCLUSIONS

This study developed a series of gas-liquid transfie models in wind and water
flow systems from the simple stream-driven gasitidgtansfer rate model to the more
complex wind-stream-driven gas-liquid transfer naedel and then to the most complex
gas-liquid transfer rate model for wind and dynathiee-dimensional flow systems.

In section 3.2, a model of gas-liquid transfer fiateon-isotropic turbulent flows was
developed to explore why the theoretical formulagas-liquid transfer rates in isotropic
turbulent flows have much lower predictions in nsotropic turbulent flows than the
empirical formulae. The non-isotropic turbulenti®are mainly composed of turbulent
boundary layers. The shear velocity and mixing tlerig non-isotropic turbulent flows
are different from those in isotropic turbulentis Thus, both the turbulence generated
from the water-bed interface and the air-watenfate have significant contributions to
the gas-liquid transfer rate in non-isotropic tuece.

In section 3.3, based on the model of gas-ligradgfer rate in non-isotropic
turbulent flows, general expressions were conglftr shear velocity and mixing

length in both non-isotropic turbulent flows andtmepic turbulent flows. Then, a general
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stream-driven gas-liquid transfer rate model (naae&tream-driven KL Model) was
developed with these expressions to cover the rlaanges of water depth and flow
velocity in natural rivers, namely to cover botke thon-isotropic turbulent flows and
isotropic turbulent flows. The existing formulaeedeto be combined in applications for
different ranges of water depth and flow velodigvertheless, the establishment of the
general model can simplify the engineering appilicet of reaeration expressions for
one-dimensional streams and rivers. The comparisbtie predictions of this model

with the experimental data and empirical formulaevged that this model has reasonable
predictions.

In natural environments, both wind and stream lerebined effects on gas-liquid
transfer. For some simple cases, only one factdomsinant and thus the other one is
ignored. For example, stream-driven turbulencéesnain driving force of gas-liquid
transfer in one-dimensional streams; thus, windaften be ignored. Wind-driven
turbulence is typically the main driving force @&ggliquid transfer in slow moving water
bodies such as lakes; thus streamflow may oftagraeed. However, in some water
bodies such as estuaries, wind and streamflow lth important effects on gas-liquid
transfer, and their effects need to be incorporettedthe gas-liquid transfer rate model.
In Chapter 4, based on the concepts of shear ¥loocughness, viscous layer, arithmetic
accumulation of surface renewal rates, and therigeof Surface Renewal Theory and

turbulent boundary layer theory, a wind-stream-eligas-liquid transfer rate model
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(Wind-stream-driven KL Model) is developed. Thisawbis tested in wind-driven
systems, stream-driven systems, and wind-streavertdsystems and showed reasonable
predictions compared with the experimental dataeangirical formulae.

The most complex cases occur in the wind and dyntmree-dimensional flow
systems such as tidal estuaries. The employmenteshge water flow velocity and total
water depth will lead to problematic results. Tlyaamic change of flow fields needs to
be incorporated into the gas-liquid transfer ratelat.

Surface renewal rates are caused by turbulenceaeddrom three types of
turbulence source locations including water-bedrfate, air-water interface, and
transition location of shear flows. The surfaceereal rate for water-bed interface has
been explored in the stream-driven model. The sarfanewal rate for air-water
interface has been explored in the wind-streamedrimodel. But the surface renewal
rate caused by turbulence from transition locatibshear flows only exists in
three-dimensional flows and is not considered endimpler stream-driven or
wind-stream-driven systems. Thus, the model ofligasd transfer rate driven by the
turbulence from the transition location of sheamn is developed in Chapter 5. As the
transition location of shear flows does not exisha in water bodies (i.e., it cannot be
isolated), the related gas-liquid transfer rate eh@dnnot be directly tested with the
experimental data. Thus, an indirect method is tsethe test. The shear velocity, shear

stress, surface renewal rate, and gas-liquid teamate for the transition location of shear
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flows are compared with those for air-water inteefand water-bed interface with the
same water flow velocity or wind speed. As the tilebce generated from the transition
location of shear flows should be greater than gleaerated from the air-water interface
and less than that generated from water-bed iterath the same water flow velocity
or wind speed, as the surface renewal rate modéigosition location of shear flows
was considered to have reasonable predictiong illear velocity, shear stress, surface
renewal rate, and established gas-liquid transter for transition location of shear flows
were between those for air-water interface and rlagd interface. A theoretical surface
renewal rate model for transition location of shigawns is developed by using the flow
velocity profile in shear flows and the Surface Beal Theory and the turbulent
boundary layer theory. A series of comparisondaree for low wind speed, high wind
speed, low water flow velocity, and high water fleelocity and these comparisons
showed that this model has reasonable predictions.

Based on the surface renewal rate model for tiandibcation of shear flows, the
formulae of surface renewal rate for the air-wategrface, and that for the water-bed
interface, a gas-liquid transfer rate model fordvémd dynamic three-dimensional flow
systems (named as Wind-dynamic-3D-flows-driven Kaddl) was developed in
Chapter 6. As complex algorithms are used in figdire efficient horizontal interface
and incorporating the effects of dynamic chang#ioef fields, a computer program was

written to implement this model for applicationsFARTRAN program named as KL
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program was coded and applied to various casestfersimple one-dimensional
uniform flow systems to the complex wind and dynathree-dimensional flow systems
(Appendix B). The calculated gas-liquid transfdaerzalues were found to be reasonable.

The series models have increased capabilitiesethiqirgas-liquid transfer rate in
wind and water flow systems. But at the same timeir computation complexity also
increases. In other words, the more complex thel &imd water flow systems are, the
more complex the models are and the more compléxdtyomputations have. A specific
model can be selected from the series of modgisesented in this study for a specific
application based on the application requirememtistae acceptable computation
complexity.

The hydraulic parameters such as the effectivémieiss coefficient of overlap layer
have effects on the predictions of gas-liquid tfansate in the wind-driven systems. In
this study, its value is adjusted for specific caseording to the experimental data or
empirical formulae. However, the theoretical detieation of its value is still not clear. It
is found that the equivalent thickness coefficiefteverlap layer in laboratory scale are
greater than those in field scale; but it is natase if this is a general situation. Further

studies need to focus on these issues.
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English Symbols

a

A

wind-driven gas-liquid transfer rate constaficient
reaeration rate constant coefficient

bubble-mediated gas-liquid transfer rate conistaefficient
width of shear layers, m

reaeration rate constant coefficient

wind-driven gas-liquid transfer rate constaygfticient

gas concentration, kg/m

reaeration rate constant coefficient

bubble radius, m

diffusion coefficient, 2.09 x On"/s at 26C
bubble-mediated gas-liquid transfer rate conistaefficient
acceleration of gravity, 9.8 rfi/s

water depth, m

wind-driven gas-liquid transfer rate constamefficient
coefficient of turbulent viscosity

gas flux, kg/(rfs)

mixing length, m

surface renewal rate’s
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orifice radius, m

average contact time of water parcel at air-wiaterface, sec

surface renewal time, sec

characteristic velocity of flow, m/s

free stream velocity, m/s

wind speed, m/s

axial distance, m

distance to air-water interface, m

Schmidt number dependent that is -2/3 for sim@oirfaces and -1/2 for rough
surfaces

streamwise coordinate tangential to the movnbgrface, m

axial distance, m

distance to the two-phase interface or the iiandocation of shear flows, m
spanwise coordinate tangential to the movingriace

roughness thickness, m

surface-normal coordinate

normal coordinate

argument of the error function
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Greek Symbols

o

roughness coefficient

wind speed constant coefficient

thickness of turbulent boundary layer, m
surface tension, N/m

constant coefficient of distance from the fractioterface
equivalent coefficient of viscous layer thickness
von Karman constant, 0.41

kinematic viscosity, 1 x 10nm/s at 26C

density, kg/m

flow characteristic length, m

energy dissipation rate s’

shear stress, Nfm

streamwise coordinate tangential to the moumegrface

Symbol Groups

Ca

Co

Co

gas concentration in air, kgfm
gas concentration in water bulk, kg/m
drag coefficient

skin-friction coefficient
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Cn skin-friction coefficient at air-water interface

Cr skin-friction coefficient at water-bed interface

G gas concentration at air-water interface, Kg/m

C liquid concentration in the liquid bulk, kgfm

C effective coefficient of the surface renewakrat water-bed interface
Cs concentration at air-water interface, ki/m

Csv coeffcient of equivalent vertical fluctuation oeity

Cu concentration in water, kgfm

ds bubble diameter, m

D¢ the frictional drag, N

He Henry’s law constant, mol/Gatm)
Hw wave height, m

KL gas-liquid transfer rate, m/s

Kieoo  gas-liquid transfer rate when Schmidt number ®tub00, m/s
Kis bubble-mediated gas-liquid transfer rate, m/s

Kipw  gas-liquid transfer rate induced by breaking wanks

Kig mass transfer velocity in gas laminar layer, m/s

Ky mass transfer velocity in liquid laminar layersm

Kinw  gas-liquid transfer rate induced by non-breakuaye, m/s

Kiww  gas-liquid transfer rate induced by breaking wawis
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Kir

KLw

Kis

KLv

KL’E

KL’E

r

e

r

Re

Re

Re

Re;

total gas-liquid transfer rate, m/s

gas-liquid transfer rate due to wind stirringsm/

liquid film transfer coefficient for hydrodynanaity smooth surface, m/s
gas-liquid transfer rate controlled by molecwdfusion, m/s

liquid film transfer coefficient for non-smoothréace, m/s

gas-liquid transfer rate controlled by turbuldittusion, m/s

mixing length at the edge of viscous layer, m

mixing length at the edge of viscous layer atainevater interface, m
mixing length at the edge of viscous layer atwiager-bed interface, m
mixing length in isotropic turbulent flow, m

mixing length in isotropic turbulent flow at tlag-water interface, m
mixing length in isotropic turbulent flow at teater-bed interface, m
gas pressure in the gas bulk, Ri/m

surface renewal rate at the air-water interface,

equivalent surface renewal rate at air-waterface, &

surface renewal rate at the water-bed interfsite,

Reynolds number

shear Reynolds number

turbulent Reynolds number

a form of Reynolds number for wind waves
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Ri

Sc

SG

S

Sh

Ta

U=

Usq

Ug

U,

Us

interfacial resistance, s/m

Schmidt number

Schmidt number of gas a

Schmidt number of gas b

Sherwood number

temperature in bulk air, K

shear velocity, m/s

shear velocity at air-water interface, m/s
shear velocity at water-bed interface, m/s
shear velocity at point A, m/s

shear velocity at the air-water interface inpiase, m/s

shear velocity at point B, m/s

shear velocity in isotropic turbulent flow bulkr faway from friction interface,

m/s

shear velocity at friction interface, m/s

shear velocity at the air-water interface in watigase, m/s
flow velocity in shear layers, m/s

flow velocity in upper layer, m/s

flow velocity in lower layer, m/s

bubble velocity, m/s
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Ux streamflow velocity at x direction, m/s

Ux surface velocity at x direction, m/s

Uy streamflow velocity at y direction, m/s

Uy surface velocity at y direction, m/s

U, water-side interface-normal velocity, m/s

M vertical velocity fluctuation, m/s

W net transfer velocity across the air-water fiaie®, m/day

Vg bubble volume, th

Wio wind velocity at 10 m height, m/s

Wc fractional area of whitecap whitecap coverage
We Weber number

We effective wind speed, m/s

Wy wind speed at x direction, m/s

Wy wind speed at x direction, m/s

V4 roughness thickness in the first segment, m

Z roughness thickness in the second segment, m

Z3 roughness thickness in the third segment, m

Ze roughness thickness when viscous layer is coeilglpierced, m

do empirical constant of the thickness sum of tiehtiboundary layers, m
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d1

81ve

Y

8vl

8v2

dve

Va

Vw

\%)

M

pI

Pa

Pw

PB

thickness of viscous layer in turbulent boundayser at the air-water interface,
m

effective thickness of viscous layer in turbuldotundary layer at the air-water
interface, m

effective thickness of viscous layer in turbalbaundary layer, m

thickness of viscous layer at the air-water fiaisx, m

thickness of viscous layer at the water-bed fater, m

effective thickness of viscous layer in turbulbatindary layer, m

equivalent coefficient of viscous layer thickness

air kinematic viscosity, ffs

water kinematic viscosity, s

turbulent viscosity, s

roughness coefficient

density of liquid, kg/rh

density of air, 1.2 kg/th

density of water, 998.2 kgfm

density of bubble, kg/m

density difference, kg/in
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program KL_Program
implicit none

character (len=20) :: filenamel,filename2
character (len=20) :: filenamel1l,filenamel2
character (len=20) :: filename21
integer::ni=0

integer::nj=0

integer:: ni2 =0

integer:: nj2=0

integer :: statusl,status?2

integer :: status1l,status12

integer :: status21

integer :: n1,n2,n3,n4,n5,n6,n7,n8,nmax,nt,t_num
real :: ul,u2

real :: vel_mod_max0,area_ratio,diff_depth
real :: ustar_sl_temp,ustar_xy wb_temp

integer,dimension (4,4,9) :: i,j,dx,dy

real,dimension (4,4,9) :: depth

real,dimension (4,4,4,9) :: u,v,u0,v0

real,dimension (4,4,4,9) :: vel_mod,theta xy,vel_mod_max,depthxwrah
real,dimension (4) :: ustar_sl

real,dimension (4,4,4,9) ::

diff_theta_xy,diff_theta_yz1,diff theta_yz2,diff @ta_zx1,diff_theta_zx2
real,dimension (4,4,9) :: sum_ustar_xy_sl,ustar_xy wb,ustar_xyuatar_xy
real,dimension (4,4,9) :: ustar_yz1,ustar_yz2,ustar_zx1,ustar,Stn8 ustar
real,dimension (4,4,9) :: r,kl,klday

integer,dimension (4,4,9) :: nmaxvel

integer,dimension (4,4,4,9) :: layernum_maxvel

integer,dimension (9) :: time

real,dimension(9) :: sal

real :: diffusion=2.09E-09
real :: thou_ water=998.2
real :: thou_air=1.225
real :: sigma=13.5

real :: k_sl=0.016

real :: pi=3.14159

190

www.manaraa.com



real :: cf1=4.00E-03

real :: cf2=4.16E-02

real :: w=0.0

integer :: time_step_length=720

write (*,*) 'program is starting:'

flenamel="depthl.txt'
filename2="vell.txt'
filenamell="kl1.txt'
filenamel2="kl2.txt'
flename21="debugl.txt'

open (unit=3,file=filenamel,status="old',action="remstat=statusl)
open (unit=4file=filename2,status="old',action="remstat=status2)
open (unit=11,file=filenamel1l,status='old',action="gtjiostat=status11)
open (unit=12,file=filename12,status='old',action="gtjiostat=status12)
open (unit=21,file=filename21,status='old',action="gtjiostat=status21)

openif:if ( (status1l==0).and.(status2==0).and.(status11=r@)status12==0)then

write (11,1000)

1000format ('VELOCITY (CM/S),DEPTH (M),GAS TRANSFER RATE,KL
(M/S),GAS TRANSFER RATE,KL2 (M/DAY)')

write (11,1010)

1010format
(Te,'1'T12,/J',T18,'DX',T26,'DY', T34,'DEPTH', T4U1', T60,'V1' T72,'U2"\&

T84,'V2',T96,'U3',T108,'V3',T120,'U4',T132,V4' TAKL' T153,'KL2"
write (11,1020)
1020format

write (12,1030)
1030format
(T6,1'T12,'J',T18,'ustar_xy wb',T32,'ustar_xy awb,'ustar_xy', T60,'ustar_yz1''T74,&

'ustar_yz2',T88,'ustar_zx1',T102,'ustar_zx2', TsL6y ustar,T133,Tr,T148,'KL' T161,'K
L2
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write (12,1040)
1040format

read (3,1060,iostat=status1)
1060format (//)
read (4,1070,iostat=status?)
1070format (/)

t_num=0
readloop_tdont=1,1
t_num=t_num+1
read (4,*,iostat=status?) time(nt),sal(nt)
readloop_ido ni=1,4
readloop_gonj=1,4
read (3,*,iostat=status1)
i(ni,nj,nt),j(ni,nj,nt),dx(ni,nj,nt),dy(ni,nj,nt) dpth(ni,nj,nt)
read (4,*,iostat=status?2)
i(ni,nj,nt),j(ni,nj,nt),u0(ni,nj,1,nt),v0(ni,nj,1 th, &
u0(ni,nj,2,nt),vO(ni,nj,2}yu0(ni,nj,3,nt),v0(ni,nj,3,nt)
u(ni,nj,1,nt)=u0(ni,nj,1,nt)*0.01
v(ni,nj,1,nt)=v0(ni,nj,1,nt)*0.01
u(ni,nj,2,nt)=u0(ni,nj,2,nt)*0.01
v(ni,nj,2,nt)=v0(ni,nj,2,nt)*0.01
u(ni,nj,3,nt)=u0(ni,nj,3,nt)*0.01
v(ni,nj,3,nt)=v0(ni,nj,3,nt)*0.01
read (4,*,iostat=status?2)
i(ni,nj,nt),j(ni,nj,nt),u0(ni,nj,4,nt),vO(ni,nj,4
u(ni,nj,4,nt)=u0(ni,nj,4,nt)*0.01
v(ni,nj,4,nt)=v0(ni,nj,4,nt)*0.01
if (statusl/=0gxit
end doreadloop_j
end doreadloop_i
end doreadloop_t

readif:if ( (status1>0).or.(status2>0).or.(status11>0).@t(stL2>0) then
write (*,2000) ni*nj+1
200C0ormat ('0','An error occurred reading line',16)

else
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write (*,2010) ni*nj
2010ormat ('0','End of file reached. There were',16,'valirethe file.")
end if readif

nt=0
ni=0
nj=0
kl_calculation_tdo nt=1,1
kl_calculation_ido ni=1,4
kl_calculation_jo nj=1,4

donl=1,4
vel_mod(ni,nj,n1,nt)=sqgrt( yfminl,nt)**2+v(ni,nj,nl,nt)**2 )
end do

don2=1,4

if ( (u(ni,nj,n2,nt)==0).and.(v(ni,nj,n2,nt)==0}hHen
theta_xy(ni,nj,n2,nt)=0

end if

if ( (u(ni,nj,n2,nt)==0).and.(v(ni,nj,n2,nt)>0hHen
theta_xy(ni,nj,n2,nt)=pd2.

end if

if ( (u(ni,nj,n2,nt)==0).and.(v(ni,nj,n2,nt)<0hen
theta_xy(ni,nj,n2,nt)=3.0%0

end if

if ( (u(ni,nj,n2,nt)>0).and.(v(ni,nj,n2,nt)==0}Hen
theta_xy(ni,nj,n2,nt)=0.0

end if

if ( (u(ni,nj,n2,nt)<0).and.(v(ni,nj,n2,nt)==0}Hen
theta_xy(ni,nj,n2,nt)=pi

end if

if ( (u(ni,nj,n2,nt)/=0).and.v(ni,nj,n2,nt)/=aHen

if (v(ni,nj,n2,nt)>0)then

theta_xy(ni,nj,n2,nt)=atan( v(ni,nj,n2,nt)/u(nim,nt) )
end if

if (v(ni,nj,n2,nt)<0)then

theta_xy(ni,nj,n2,nt)=atan( v(ni,nj,n2,nt)/u(nim,nt) )+pi
end if
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end if
end do

nmax=0
vel_mod_max0=vel_mod(ni,nj,1,nt)
don3=1,3

diff_theta_xy(ni,nj,n3,nt)=abs( theta_xy(ni,nj,n3mt)-theta_xy(ni,nj,n3,nt) )
if
( ((p/2.0<diff_theta_xy(ni,nj,n3,nt)).and.(diff_¢ka_xy(ni,n},n3,nt)<3.0*pi/2.0)).0r.&

((vel_mod(ni,nj,n3,nt)==0.0).and.(vel_mod(ni,nj,ri3rt)/=0.0)).or.&

((vel_mod(ni,nj,n3+1,nt)==0.0).and.(vel_mod(ni,3j,nt)/=0.0)) )then
nmax=nmax+1
vel_mod_max(ni,nj,nmax, @+ mod_max0
vel_mod_max0=vel_mod(nnBj1,nt)
layernum_maxvel(ni,nj,nma¥:=n3

depth_maxvel(ni,nj,nmax,nt)=(n3-1+0.5)*depth(ninh)/3.0
elseif (vel_mod(ni,n},n3+1,nt)>vel_mod(ni,nj,n3,nthlen
vel_mod_max0=vel_mod(nnBj1,nt)
end if
end do

nmax=nmax+1
vel_mod_max(ni,nj,nmax,nt)=vel_mathx0
nmaxvel(ni,nj,nt)=nmax
if (nmax<=1)then
layernum_maxvel(ni,nj,nmax, )=
depth_maxvel(ni,nj,nmax,nt)=tpi, nj,nt)
else

layernum_maxvel(ni,nj,nmax,nt)=layernum_maxvel@mmax-1,nt)+1
depth_maxvel(ni,nj,nmax,nt)=0.0
end if
do
if (nmax+1>4)exit
nmax=nmax+1
vel_mod_max(ni,nj,nmax,nt)=0.0
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layernum_maxvel(ni,nj,nmax, )&
depth_maxvel(ni,nj,nmax,nt)=0.0
end do

end dokl_calculation_j
end dokl_calculation_i
end dokl_calculation_t

nt=0
ni=0
nj=0
kl_calculation_t2do nt=1,1
kl_calculation_i2do ni=1,4
kl_calculation_jado nj=1,4

sum_ustar_xy_sl(ni,nj,nt)=0
if (nmaxvel(ni,nj,nt)>=2}hen
don4=1,1
ul=vel_mod_max(ni,nj,n4,nt)
u2=vel_mod_max(ni,nj,n4+}),n

ustar_sl(n4)=sqrt(0.121*sigma*k_sl*max(u2,ul)*alistul)/sqrt(pi)/thou_water)

sum_ustar_xy_sl(ni,nj,nt)=sum_ustar_xy_sl(ni,njragtar_sl(n4)
end do
end if

if (nt>8)then

ustar_xy_wb(ni,nj,nt)=sqrt(cf2/2.0)*vel_mod_max{minmaxvel(ni,nj,nt),nt)
else

ustar_xy_wb_temp=sqrt(cf2/2.0)*vel_mod_max(ni,njaxwvel(ni,nj,nt),nt)
if ( (depth_maxvel(ni,nj,1,nt+1) <
depth_maxvel(ni,nj,1,nt)).and.&
((0.5*ustar_sl_temp)*(timefl)-time(nt)) <
depth_maxvel(ni,nj,1,nt+1))then
ustar_xy_wb(ni,nj,nt)=0
else
ustar_xy_wb(ni,nj,nt)=ustey wb_temp
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end if
end if

ustar_xy_aw(ni,nj,nt)=sqrt(cfl*thou_air*(w-vel_mowhax(ni,nj,1,nt))**2/2.0/thou_wate

r
if (nmaxvel(ni,nj,nt)>=2}hen

ustar_xy(ni,nj,nt)=0+ustar_xy_aw(ni,nj,nt)+sum_usky _sl(ni,nj,nt)
else

ustar_xy(ni,nj,nt)=ustar_xy_wb(ni,nj,nt)+ustar_xw(ai,nj,nt)+sum_ustar_xy_sl(ni,nj,nt

)

end if

ustar_yz1(ni,nj,nt)=0.0
do n5=1,layernum_maxvel(ni,nj,1,nt)

area_ratio=(dy(ni,nj,nt)*depth(ni,nj,nt)/3.0)/(dx(mj,nt)*dy(ni,nj,nt))
if (ni>1)then

diff_theta_yz1(ni,nj,n5,nt)=abs( theta_xy(ni-1,&,nt)-theta_xy(ni,nj,n5,nt) )
if
( (pi/2.0<diff_theta_yz1(ni,nj,n5,nt)).and.(diff éta_yz1(ni,nj,n5,nt)<3.0*pi/2.0)then
ul=vel_mod(ni-1,nj,n9,n
u2=vel_mod(ni,nj,n5,nt)

ustar_sl(n5)=sqrt(0.121*sigma*k_sl*max(u2,ul)*alistul)/sqrt(pi)/thou_water)
ustar_yz1(ni,nj,nt)=arstyz1(ni,nj,nt)+ustar_sl(n5)
end if
end if
end do

ustar_yz2(ni,nj,nt)=0.0
do n6=1,layernum_maxvel(ni,nj,1,nt)

area_ratio=(dy(ni,nj,nt)*depth(ni,nj,nt)/3.0)/(dx(mj,nt)*dy(ni,nj,nt))
if (ni<4)then
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diff_theta_yz2(ni,nj,n6,nt)=abs( theta_xy(ni+1,@,nt)-theta_xy(ni,nj,n6,nt) )
if
( (pi/2.0<diff_theta_yz2(ni,nj,n6,nt)).and.(diff éta_yz2(ni,nj,n6,nt)<3.0*pi/2.0)then
ul=vel_mod(ni+1,nj,n§,n
u2=vel_mod(ni,nj,n6,nt)

ustar_sl(n6)=sqrt(0.121*sigma*k_sl*max(u2,ul)*alistul)/sqrt(pi)/thou_water)
ustar_yz2(ni,nj,nt)=arstyz2(ni,nj,nt)+ustar_sl(n6)
end if
end if
end do

ustar_zx1(ni,nj,nt)=0.0
do n7=1,layernum_maxvel(ni,nj,1,nt)

area_ratio=(dy(ni,nj,nt)*depth(ni,nj,nt)/3.0)/(dx(mj,nt)*dy(ni,nj,nt))
if (nj>1)then

diff_theta_zx1(ni,nj,n7,nt)=abs( theta_xy(ni,nj-7,nt)-theta_xy(ni,nj,n7,nt) )
if
( (pi/2.0<diff_theta_zx1(ni,nj,n7,nt)).and.(diff éta_zx1(ni,nj,n7,nt)<3.0*pi/2.0)then
ul=vel_mod(ni,nj-1,n{,n
u2=vel_mod(ni,nj,n7,nt)

ustar_sl(n7)=sqrt(0.121*sigma*k_sl*max(u2,ul)*alistul)/sqrt(pi)/thou_water)
ustar_zx1(ni,nj,nt)=arstzx1(ni,nj,nt)+ustar_sl(n7)
end if
end if
end do

ustar_zx2(ni,nj,nt)=0.0
do n8=1,layernum_maxvel(ni,nj,1,nt)

area_ratio=(dy(ni,nj,nt)*depth(ni,nj,nt)/3.0)/(dx(mj,nt)*dy(ni,nj,nt))
if (nj<4)then

diff_theta_zx2(ni,nj,n8,nt)=abs( theta_xy(ni,nj+8,nt)-theta_xy(ni,nj,n8,nt) )
if
( (pi/2.0<diff_theta_zx2(ni,nj,n8,nt)).and.(diff éta_zx2(ni,nj,n8,nt)<3.0*pi/2.0)then
ul=vel_mod(ni,nj+1,n,n
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u2=vel_mod(ni,nj,n8,nt)

ustar_sl(n8)=sqrt(0.121*sigma*k_sl*max(u2,ul)*alistul)/sqrt(pi)/thou_water)
ustar_zx2(ni,nj,nt)=arstzx2(ni,nj,nt)+ustar_sl(n8)
end if
end if
end do

sum_ustar(ni,nj,nt)=ustar_xy(ni,nj,nt)+ustar_yzlfjnt)+ustar_yz2(ni,nj,nt)+ustar_zx1(
ni,nj,nt)+&
ustar_zx2(nim)j
r(ni,nj,nt)=(0.5*sum_ustar(ni,n)y{0.1*depth_maxvel(ni,nj,1,nt))
Kl(ni,nj,nt)=sqrt(diffusion*r(ni,mt))
klday(ni,nj,nt)=kI(ni,nj,nt)*24*60B0

end dokl_calculation_j2
end dokl_calculation_i2
end dokl_calculation_t2

kl_calculation_t3do nt=1,1
kl_calculation_i3do ni=1,4
kl_calculation_j3do nj=1,4

write (11,3000)
i(ni,nj,nt),j(ni,nj,nt),dx(ni,nj,nt),dy(ni,nj,nt) ,epth(ni,nj,nt),u(ni,nj,1,nt),&

v(ni,nj,1,nt),u(ni,nj,2,nt),v(ni,nj,2,nt),u(ni,nj,Bt),v(ni,nj,3,nt),u(ni,nj,4,nt),&
v(ni,nj,4,nt),kl(ni,nj,nkiday(ni,nj,nt)
300@ormat (216,218,F10.6,8F12.6,2F12.8)
write (12,3010)
i(ni,nj,nt),j(ni,nj,nt),ustar_xy_wb(ni,nj,nt),ustaxy_aw(ni,nj,nt),&

ustar_xy(ni,nj,nt),ustar_yz1(ni,nj,nt),ustar_yz2Gnnt),ustar_zx1(ni,nj,nt),&
ustar_zx2(ni,nj,nt),sum_ustar(ni,nj,nt),r(ni,nj,&tjni, nj,nt),klday(ni,nj,nt)
301@ormat (216,10F14.8,F14.8)

write (21,3020)
theta_xy(ni,nj,1,nt),theta_xy(ni,nj,2,nt),theta_mi(j,3,nt),theta_xy(ni,nj,4,nt),&
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vel_mod_max(ni,nj,1,nt),vel_mod_max(ni,nj,2,nt),v@bod_max(ni,nj,3,nt),vel_mod_ma

x(ni,nj,4,nt)
302@ormat (4F12.6,4F12.6)

end dokl_calculation_j3
end dokl_calculation_i3
end dokl_calculation_t3

elseopenif

write (*,4000) statusl

4000format (",'Error opening file: iostat=",16)
end if openif

close(unit=3)
close(unit=4)
close(unit=11)
close(unit=12)
close(unit=21)

end program KL_Program
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APPENDIX C
WATER DEPTH FILE
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C Water depth file, in free format across columns

C

C

ELEV
C

0 O
0 1
0 2
0 3
1 O
1 1
1 2
1 3
2 0
2 1
2 2
2 3
3 0
3 1
3 2
3 3

J

1900
2640
2840
832

515

2310
2210
2260
2320
2330
2080
2100
2720
2970
2420
2000

2260
2200
2280
2300
2200
2090
1990
2120
2150
2140
2080
1850
1750
1590
1530
1640

DX
ZROUGH
99 -99
99 -99
99 -99

99 -99

99 -99
99 -99
99 -99
99 -99
99 -99
99 -99
99 -99
99 -99
99 -99
99 -99
99 -99
99 -99

DY
VEG TYPE

-0.1
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1
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FLOW VELOCITY FILE
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INSTANTANEOUS HORIZ VELOCITY CM/S

1 0.0001
0 0 0.500000E+02
0.000000E+00

0 0 0.500000E+02

0 1 0.000000E+00
0.000000E+00

0 1 0.500000E+02

0 2  0.500000E+02
0.000000E+00

0 2  0.500000E+02

0 3  0.500000E+02
-0.500000E+02

0 3  0.500000E+02

1 0 -0.500000E+02
0.000000E+00

1 0 0.500000E+02

1 1 0.500000E+02
0.000000E+00

1 1 0.500000E+02

1 2  0.500000E+02
0.000000E+00

1 2  0.500000E+02

1 3 -0.500000E+02
0.000000E+00

1 3  0.500000E+02

2 0 0.500000E+02
0.000000E+00

2 0 0.500000E+02

2 1 0.500000E+02
-0.500000E+02

2 1 0.500000E+02

2 2 -0.500000E+02
0.000000E+00

2 2  0.500000E+02

2 3  0.500000E+02
0.000000E+00

2 3  0.500000E+02

3 0 0.500000E+02
0.000000E+00

0.000000E+00

0.000000E+00
0.500000E+02

0.000000E+00
0.000000E+00

0.000000E+00
0.000000E+00

0.000000E+00
0.000000E+00

0.000000E+00
0.000000E+00

0.000000E+00
0.000000E+00

0.000000E+00
0.000000E+00

0.000000E+00
0.000000E+00

0.000000E+00
0.000000E+00

0.000000E+00
0.000000E+00

0.000000E+00
0.000000E+00

0.000000E+00
0.000000E+00
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0.500002E+0.000000E+00 -0.500000E+02

0.500002E+0.000000E+00 -0.500000E+02

0.500002E+0.000000E+00 -0.500000E+02

0.500002E+0.000000E+00 0.000000E+00

0.0000@@E+0.500000E+02 0.500000E+02

0.500002E+0.000000E+00 -0.500000E+02

0.000000E+0.500000E+02 -0.500000E+02

0.500002E+0.000000E+00 0.500000E+02

0.000000E+0.500000E+02 -0.500000E+02

-0.500002E+0.000000E+00 0.000000E+00

0.500002E+0.000000E+00 -0.500000E+02

0.500002E+0.000000E+00 -0.500000E+02

0.000000E+0.500000E+02 -0.500000E+02
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3 0 0.500000E+02

3 1 0.000000E+00
0.500000E+02

3 1 -0.500000E+02

3 2 0.500000E+02
0.000000E+00

3 2 0.500000E+02

3 3  0.500000E+02
0.000000E+00

3 3 0.000000E+00

0.000000E+00

0.500000E+02 -0.500002E+0.000000E+00 0.000000E+00

0.000000E+00

0.000000E+00 0.500002E+0.000000E+00 -0.500000E+02

0.000000E+00

0.000000E+00 -0.500002E+0.000000E+00 0.500000E+02

0.500000E+02
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APPENDIX E
KL PROGRAM OUTPUT FILE
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VELOCITY (CM/S),DEPTH (M),GAS-LIQUID TRANSFER RATEKL
(M/S),GAS-LIQUID TRANSFER RATE,KL2 (M/DAY)

I J DX
U2 V2
KL KL2

0 0 1900
0.000000  -0.500000
0.23489287

0 1 2640
0.000000  -0.500000
0.11110701

0 2 2840
0.000000  -0.500000
0.11110701

0 3 832
0.000000 0.000000
0.16609435

1 0 515
0.500000 0.500000
0.36696330

1 1 2310
0.000000  -0.500000
0.31305677

1 2 2210
0.500000 -0.500000
0.29068998

1 3 2260
0.000000 0.500000
0.65000254

2 0 2320
0.500000 -0.500000
0.24249275

2 1 2330
0.000000 0.000000
0.40684637

DY
U3

DEPTH
V3

2260 9.900000
0.000000

0.5000000.000000 0.500000
0.500000 O@OO 0.00000272

2200 9.900000
0.000000

0.0000000.500000 0.500000
0.500000 O@OO 0.00000129

2280 9.900000
0.000000

0.5000000.000000 0.500000
0.500000 O@MOO 0.00000129

2300 9.900000
-0.500000

0.5000000.000000 0.500000
0.500000 O@OO 0.00000192

2200 9.900000
0.000000

-0.5000000.000000 0.000000
0.500000 0GmOO 0.00000425

2090 9.900000
0.000000

0.5000000.000000 0.500000
0.500000 0GWOO 0.00000362

1990 9.900000
0.000000

0.5000000.000000 0.000000
0.500000 0GWOO 0.00000336

2120 9.900000
0.000000

-0.5000000.000000 0.500000
0.500000 0GmOO 0.00000752

2150 9.900000
0.000000

0.5000000.000000 0.000000
0.500000 O@MOO 0.00000281

2140 9.900000
-0.500000

0.5000000.000000  -0.500000
0.500000 O@MOO 0.00000471
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2 2 2080
0.000000  -0.500000
0.74228901

2 3 2100
0.000000  -0.500000
0.37527916

3 0 2720
0.500000 -0.500000
0.08606311

3 1 2970
0.000000 0.000000
0.33652207

3 2 2420
0.000000  -0.500000
0.37527916

3 3 2000
0.000000 0.500000
0.19244297

2080 9.900000

-0.5000000.000000 0.500000

0.000000 0.500000 0GmOO 0.00000859

1850 9.900000

0.5000000.000000 0.500000

0.000000 0.500000 0@DOO 0.00000434

1750 9.900000

0.5000000.000000 0.000000

0.000000 0.500000 0G@mOO 0.00000100

1590 9.900000

0.0000000.500000  -0.500000

0.500000  -0.500000 0GWOO 0.00000389

1530 9.900000

0.5000000.000000 0.500000

0.000000 0.500000 0O@DOO 0.00000434

1640 9.900000

0.000000
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THREE-DIMENSIONAL FLOW VELOCITY FILE
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INSTANTANEOUS HORIZ VELOCITY CM/S
1 0.0001

0 0 0.353600E+02 -0.353600E+02  0.353602E+ 0.353600E+02
0.353600E+02 0.353600E+02 0.353600E+02 0.35360PED.353600E+02

0 0 -0.353600E+02 0.353600E+02 -0.353602E+

0 1 0.353600E+02  0.353600E+02  0.35360QE+ 0.353600E+02
-0.353600E+02 0.353600E+02 0.353600E+02 0.39360R -0.353600E+02

0 1 0.353600E+02 0.353600E+02 0.35360QE+

0 2 0.353600E+02  0.353600E+02  0.353602E+0.353600E+02
0.353600E+02 -0.353600E+02 -0.353600E+02 -0.353600E 0.353600E+02

0 2 0.353600E+02 0.353600E+02 0.35360QE+

0 3 0.353600E+02 -0.353600E+02  0.353602E+ 0.353600E+02
0.353600E+02 0.353600E+02 0.353600E+02 -0.35360PE 0.353600E+02

0 3 -0.353600E+02 0.353600E+02 0.353602E+

1 0 0.353600E+02  0.353600E+02  0.353602E+0.353600E+02
0.353600E+02 0.353600E+02 0.353600E+02 0.35360PE 0.353600E+02

1 0 0.353600E+02 0.353600E+02 -0.353602E+

1 1 0.353600E+02 -0.353600E+02 -0.3536@2E+ 0.353600E+02
-0.353600E+02 0.353600E+02 0.353600E+02 0.39360R 0.353600E+02

1 1 0.353600E+02 0.353600E+02 0.35360QE+

1 2 0.353600E+02  0.353600E+02  0.35360QE+0.353600E+02
0.353600E+02 -0.353600E+02 -0.353600E+02 0.35360RE 0.353600E+02

1 2 0.353600E+02 0.353600E+02 0.35360QE+

1 3 0.353600E+02 -0.353600E+02  0.353602E+ 0.353600E+02
0.353600E+02 0.353600E+02 0.353600E+02 -0.35360PE 0.353600E+02

1 3 0.353600E+02 0.353600E+02 0.35360QE+

2 0 0.353600E+02  0.353600E+02  0.35360QE+ 0.353600E+02
0.353600E+02 0.353600E+02 -0.353600E+02 0.35360PE0.353600E+02

2 0 0.353600E+02 0.353600E+02 -0.353602E+

2 1 0.353600E+02 -0.353600E+02  0.353602E+ 0.353600E+02
0.353600E+02 0.353600E+02 0.353600E+02 -0.35360RE 0.353600E+02

2 1 -0.353600E+02 0.353600E+02 0.353602E+

2 2 0.353600E+02  0.353600E+02 -0.353602E+0.353600E+02
0.353600E+02 0.353600E+02 0.353600E+02 0.35360PED.353600E+02

2 2 0.353600E+02 0.353600E+02 0.35360QE+

2 3 0.353600E+02  0.353600E+02  0.35360Q2E+0.353600E+02
-0.353600E+02 -0.353600E+02 0.353600E+02 -0.35860Q 0.353600E+02

2 3 -0.353600E+02 -0.353600E+02 0.353602E+

3 0 0.353600E+02 -0.353600E+02  0.353602E+ 0.353600E+02
0.353600E+02 0.353600E+02 0.353600E+02 0.35360PE 0.353600E+02

209

www.manaraa.com



3 0 0.353600E+02 0.353600E+02 0.35360QE+

3 1 -0.353600E+02 -0.353600E+02  0.3536@2E+ 0.353600E+02
-0.353600E+02 0.353600E+02 -0.353600E+02 0.3593602 0.353600E+02

3 1 0.353600E+02 0.353600E+02 -0.353602E+

3 2 0.353600E+02  0.353600E+02  0.35360QE+ 0.353600E+02
0.353600E+02 0.353600E+02 0.353600E+02 0.35360PE 0.353600E+02

3 2 0.353600E+02 0.353600E+02 0.35360QE+

3 3 0.353600E+02  0.353600E+02  0.353602E+0.353600E+02
0.353600E+02 0.353600E+02 0.353600E+02 -0.35360PE0.353600E+02

3 3 -0.353600E+02 0.353600E+02 0.353602E+
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DYNAMIC FLOW FIELD FILE
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INSTANTANEOUS HORIZ VELOCITY CM/S
0 0.0001

0 0 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

0 0 -0.500000E+02 0.000000E+00

0 1 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

0 1 -0.500000E+02 0.000000E+00

0 2 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

0 2 -0.500000E+02 0.000000E+00

0 3 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

0 3 -0.500000E+02 0.000000E+00

1 0 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

1 0 -0.500000E+02 0.000000E+00

1 1 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

1 1 -0.500000E+02 0.000000E+00

1 2 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

1 2 -0.500000E+02 0.000000E+00

1 3 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

1 3 -0.500000E+02 0.000000E+00

2 0 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

2 0 -0.500000E+02 0.000000E+00

2 1 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

2 1 -0.500000E+02 0.000000E+00

2 2 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

2 2 -0.500000E+02 0.000000E+00

2 3 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

2 3 -0.500000E+02 0.000000E+00

3 0 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00
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0.500002E+ 0.000000E+00

0.500002E+ 0.000000E+00

0.500002E+ 0.000000E+00

0.500002E+ 0.000000E+00

0.500002E+ 0.000000E+00

0.500002E+ 0.000000E+00

0.500002E+ 0.000000E+00

0.500002E+ 0.000000E+00

0.500002E+ 0.000000E+00

0.500002E+ 0.000000E+00

0.500002E+ 0.000000E+00

0.500002E+ 0.000000E+00

0.500002E+ 0.000000E+00
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3 0 -0.500000E+02 0.000000E+00

3 1 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

3 1 -0.500000E+02 0.000000E+00

3 2 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

3 2 -0.500000E+02 0.000000E+00

3 3 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

3 3 -0.500000E+02 0.000000E+00

3 0.0001

0 0 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

0 0 -0.500000E+02 0.000000E+00

0 1 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

0 1 -0.500000E+02 0.000000E+00

0 2 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

0 2 -0.500000E+02 0.000000E+00

0 3 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

0 3 -0.500000E+02 0.000000E+00

1 0 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

1 0 -0.500000E+02 0.000000E+00

1 1 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

1 1 -0.500000E+02 0.000000E+00

1 2 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

1 2 -0.500000E+02 0.000000E+00

1 3 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

1 3 -0.500000E+02 0.000000E+00

2 0 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

2 0 -0.500000E+02 0.000000E+00

2 1 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00
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0.500002E+ 0.000000E+00

0.500002E+ 0.000000E+00

0.500002E+ 0.000000E+00

-0.500002E+

-0.500002E+

-0.500002E+

-0.500002E+

-0.500002E+

-0.500002E+

-0.500002E+

-0.500002E+

-0.500002E+

-0.500002E+

0.000000E+00

0.000000E+00

0.000000E+00

0.000000E+00

0.000000E+00

0.000000E+00

0.000000E+00

0.000000E+00

0.000000E+00

0.000000E+00
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2 1 -0.500000E+02 0.000000E+00

2 2 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

2 2 -0.500000E+02 0.000000E+00

2 3 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

2 3 -0.500000E+02 0.000000E+00

3 0 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

3 0 -0.500000E+02 0.000000E+00

3 1 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

3 1 -0.500000E+02 0.000000E+00

3 2 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

3 2 -0.500000E+02 0.000000E+00

3 3 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

3 3 -0.500000E+02 0.000000E+00

6 0.0001

0 0 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

0 0 -0.500000E+02 0.000000E+00

0 1 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

0 1 -0.500000E+02 0.000000E+00

0 2 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

0 2 -0.500000E+02 0.000000E+00

0 3 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

0 3 -0.500000E+02 0.000000E+00

1 0 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

1 0 -0.500000E+02 0.000000E+00

1 1 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00

1 1 -0.500000E+02 0.000000E+00

1 2 0.500000E+02  0.000000E+00
-0.500000E+02 0.000000E+00
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-0.500002E+

-0.500002E+

-0.500002E+

-0.500002E+

-0.500002E+

-0.500002E+

-0.500002E+

-0.500002E+

-0.500002E+

-0.500002E+

-0.500002E+

-0.500002E+

-0.500002E+

0.000000E+00

0.000000E+00

0.000000E+00

0.000000E+00

0.000000E+00

0.000000E+00

0.000000E+00
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