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ABSTRACT

The natural exchange of gases across an air-water interface is an important mechanism that can be
quantified. The mass-transfer coefficients characterizing the liquid phase can be predicted using certain
models representing the liquid phase turbulence. Methods have been developed to approximate the
necessary input parameters. Predictions of the models yielded liquid-phase mass-transfer coefficients
well within an order of magnitude of experimental data at air-water interfaces.

1. Introduction

The exchange of gases between the atmosphere
and underlying bodies of water is receiving increased
attention in order to understand natural phenomena
taking place within the environment. This is es-
pecially so in recent years due to growing concerns
over environmental pollution and the subsequent
movement of atmospheric pollutants. Many of these
pollutants are ultimately transferred across the
natural air-sea interface. One method of characteriz-
ing this process is to use a macroscopic approach,
such as is described below.

The vertical flux F, of a species in the atmosphere
is given by

Fg = y(Z)[Cg(Z) - Cg(o)], (1)

in which k,(Z) is the gas-phase mass-transfer coeffi-
cient and C,(0) and C,(Z) are the concentrations of
the species in the atmosphere at the free liquid
surface and at a height Z, respectively. If the gas
phase concentration at a particular height is known
by measurement or model prediction and the mass
transfer coefficient can be obtained for the same
height from a correlation, the vertical flux can be
calculated as will be shown. A similar equation can
be written relating the vertical flux F; of the species
in a water body to the vertical concentration driving
force by /

Fy = k(2)[C(0) — Ci(2)]. )

In this equation, k,(z) is the liquid-phase mass-
transfer coefficient and C,(0) and C,(z) are the con-
centrations of the species in the water body at the
free liquid surface and at a depth z, respectively.
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Again, Cy(z) is found by measurement or model pre-
diction and k;(z) is obtained from a correlation. In
this paper height increases positively upward and
depth increases positively downward with Z = z
= ( at the air-water interface. Also capital letters
are used for coordinate positions and velocities in
the atmosphere and correspondingly lower case
letters are used in the aqueous phase.

At steady state, the flux must be continuous across
the air-sea interface, so that

F,=F,. 3)

Equating (1) and (2) leaves two unknowns, the gas
and liquid interfacial concentrations. A relationship
between these variables is obtained by postulating
equilibrium of phases at the interface. The validity of
this postulate is well documented. The relation to
describe this situation depends on the particular
species of interest, but in many cases it would essen-
tially be a solubility relation, such as

C,(0) = HC(0), “)

where H is Henry’s law constant. This constant has
been experimentally determined for many chemical
species at various temperatures and concentration
levels.

Therefore, if C,(Z) and C,(z) are known or can be
predicted and if k,(Z) and k,(z) can be determined
by correlation, Eqs. (1)-(4) can be solved simul-
taneously for the interfacial concentrations and the
desired vertical flux of the species of interest into or
out of a body of water. Correlations for predicting
values of k,(Z) are numerous in the field of mete-
orology. Kraft (1977) reviews many of them. In this
paper, an attempt will be made to provide useful
correlations for the liquid-phase mass-transfer co-
efficient k;(z). With the required input parameters,
one can then quantify the natural process of mass
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FiG. 1. Physical representation of a large eddy near
a free liquid surface.

transfer between the atmosphere and underlying
bodies of water. The ideas expressed here were
developed by the authors and first put forth by Kabel
(1975).

2. Liquid-phase mass-transfer-coefficient models

The earliest model useful for determining the
liquid-phase mass-transfer coefficient for gas ab-
sorption by a turbulent liquid was presented by
Whitman (1923). This was the film theory in which
it is postulated that adjacent to the free liquid surface
there exists a stagnant film below which the liquid
is well mixed. It is assumed that mass is trans-
ferred through this film by molecular diffusion. The
film then represents the major resistance to the trans-
fer of mass into the liquid phase. The liquid phase
mass transfer coefficient in this theory is given by

kl = D/df, (5)

where D is the molecular diffusivity of the species
of interest in the liquid phase and d, the thickness of
the hypothetical stagnant film.

The next model proposed for the liquid-phase
mass-transfer coefficient was the penetration theory
(Higbie, 1935). In this model, the mass transfer
process is characterized by molecular diffusion into
fluid elements transported from the bulk liquid to
near the free liquid surface by turbulent eddies.
The diffusion of mass into the fluid elements occurs
for a prescribed time 6. which is assumed to be
uniform for all turbulent eddies. The mass transfer
coefficient is then given by

k, = 2(D/m6,)'"2. (6)

Danckwerts (1951) proposed the surface renewal
theory by considering that there should be a random
age distribution of fluid elements rather than a
uniform contact time. The fractional rate of replace-
ment of the fluid elements belonging to any age group
is assumed to be equal to the surface renewal rate.
Molecular diffusion into the fluid elements at the sur-
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face is again described by Higbie’s penetration
mechanism to yield the mass transfer coefficient

ki = (Ds)',

where s is the surface renewal rate.

Hanratty (1956) and Perlmutter (1961) have de-
veloped modified penetration-surface renewal
theories and Dobbins (1956), Toor and Marchello
(1958), Harriot (1962) and Marchello and Toor (1963)
have presented combinations of the film and pene-
tration theories. Kishinevsky (1955) and King (1966)
have proposed an alternative approach to the de-
velopment of liquid-phase mass-transfer-coefficient
models. In this approach, the concept of an eddy
diffusivity, which parallels the molecular diffusivity,
is employed in the liquid-phase mass-transfer-coeffi-
cient expression.

All of the models discussed so far retain one
basic limitation in their present forms. While they
can be used to interpret important experimental
observations, great difficulties remain in applying
them to predict liquid-phase mass-transfer coeffi-
cients. This is due to the fact that all of them
contain one or more arbitrary parameters (e.g.,
ds, 6, and s), which cannot be specified a priori from
the experimental conditions of a situation of interest.
Therefore, the models require the correlation of
experimental data to obtain an empirical relation
for the arbitrary parameter. More importantly, the
empirical relation must be determined for every dif-
ferent situation due to inadequate correlations. To
resolve these problems, Fortescue and Pearson
(1967) and Lamont and Scott (1970) have developed
liquid-phase mass-transfer-coefficient models which
contain physical quantities characteristic of the
liquid-phase turbulent-flow field. These are the large
eddy model and the eddy cell model.

%

a. Large eddy model (Fortescue and Pearson, 1967)

In this model, it is postulated that large eddies
in the liquid phase are most effective in the mass
transfer process of gas absorption by a turbulent
liquid. These large eddies transport fresh fluid from
the bulk turbulent liquid to near the free liquid sur-
face (Fig. 1). Mass is transferred to these fluid ele-
ments by moiecular diffusion. Then the solute-en-
riched fluid elements plunge back into the bulk of the
turbulent liquid. This eddy motion is modeled with a
sequence of roll cells, which are taken to be dis-
tributed as shown in Fig. 2. The roll cells move as
a whole with the local mean surface velocity and are
taken to be square. The dimension of the roll cells,
which represents the characteristic length of the tur-
bulent eddies, is taken to be in the integral length
scale of the turbulent flow field.

The following arbitrary turbulent fluctuating
velocity pattern is imposed within the roll cell:
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F1G. 2. Representation of roll cells near a free liquid surface.

u = A’ sin(rx/A) cos(mz/A)
v=20
w = —A’ cos(mx/A) sin(mz/A)

where A’ is a velocity scale and A the charac-
teristic length of the eddies. The coordinate system
is defined in Fig. 3. By definition, the mean mass-
transfer coefficient of the roll cell is given as

- -D A racC
kye = ———u— J (—) dx.
(Cs - Cb)A 0 0z 2=0

In this equation, C is the point solute concentration,
C, the solute concentration at the surface and C, the
bulk concentration of the solute. Taking the velocity
scale A’ equal to twice the root mean square of
the turbulent fluctuating velocities, Fortescue and
Pearson obtained an expression for C and subse-
quently k,. by solving the steady-state, two-dimen-
sional diffusion equation applicable within the roll
cell. The resulting expression for the liquid-phase
mass-transfer coefficient was

k, = 1.46(Du’/A)'2, (10)

where u’ is the root mean square of the turbulent
fluctuating velocity u,

The quantities of »’ and A in (10) are characteris-
tic of the turbulent flow field and can be determined
for a situation of interest. It should be noted that

b (8)
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F1G. 3. A roll cell representation.
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Fi1G. 4. A small eddy superimposed on a large eddy.

SURFACE

u’' is a characteristic velocity and A a characteristic
length, so that the ratio of these two parameters can
be thought of as the surface renewal rate s. There-
fore, (10) is really an extension of (7), in which the
surface renewal rate has been specified in terms of
physical quantities that can be measured.

b. Eddy cell model (Lamont and Scott, 1970)

As in the large eddy model, it is postulated that
large eddies transport fresh fluid from the bulk of the
turbulent fluid to near the free liquid surface. How-
ever, these eddies are assumed to have super-
imposed on them a similar motion on a much smaller
scale (Fig. 4). Mass is transferred by molecular
diffusion to the smaller eddies, which are considered
to be most effective in the mass transfer process of
gas absorption by a turbulent liquid.

The small-scale motions are characterized by
idealized eddy cells as shown in Fig. 5. It is postu-
lated that within the eddy cell exists a one-dimen-
sional sinusoidal shearing motion of amplitude A at
the mid plane of the entire cell. The dimension a of
the eddy cell is taken to be the distance from the
surface to the mid plane. Lamont and Scott’s solu-
tion of the diffusion equation applicable in the eddy
cell yielded

k' = 0.445(DA/a)'®, (11)

where k,' is the mass-transfer coefficient for an

idealized eddy cell.
a 7/

z=0
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F1G. 5. Representation of viscous eddy cells near
the liquid surface.
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The dimension of the eddy cell and the amplitude
of the shearing motion must be determined in
order to apply (11). To accomplish this, the relative
energies of the different scales of turbulent motion
were examined using the turbulent energy spectrum.
We first consider the turbulent fluctuating velocity
w. This velocity can be decomposed into sinu-
soidal shearing motions of different amplitudes and
different wavenumbers by performing a Fourier
analysis on the turbulent velocity field. The tur-

- bulent energy spectrum function is based on this
model of turbulence. Therefore, the energy spec-
trum, which indicates how the turbulent energy is
distributed to any distinct wavenumber, then repre-
sents the energy of the component of the turbulent
fluctuating velocity w corresponding to that distinct
wavenumber. Also, the energy spectrum is then ap-
plicable for estimating the amplitude of the sinu-
soidal shearing motion for any distinct wavenumber.

In the eddy cell model, we used the Kovasznay
energy spectrum (Hinze, 1959)

E(n) = 0.45¢23n753[1 — 0.6pn*Be"13]2,  (12)

where E(n) is the turbulent energy spectrum func-
tion, e the rate of turbulent energy dissipation per
unit mass, v the kinematic viscosity of the fluid and
n the wavenumber. The amplitude of the sinusoidal
shearing motion for any distinct wavenumber is
given by

A = [nE(n)]2. (13)

The size a of the eddy cell corresponds to the wave-
number n = /a from the specification of the shear-
ing motion in the cell.

Using (11), (12) and (13) and the above relation for
a, Lamont and Scott obtained

ki'(n) = 0.445(.45) 471128 Piizg =213
x [1 = 0.6vn¥2e 121Uz, (14)

where k;(n) is the contribution to the overall mass-
transfer coefficient on a unit wavenumber basis, so
that k;'(n) = k'/n. Eq. (14) was finally integrated
over the wavenumbers in the dissipation range to

yield
k; = 0.4DY(e/v)V4, (15)

where £; is the liquid-phase mass-transfer coefficient
for the eddy cell model.

The parameter € is a calculable characteristic of
the turbulent flow field. Although it is not obvious in
(15), a portion can be thought of as a function of the
surface renewal rate s. Hinze (1959), following
Kolmogorov, gives (ev)'/* as a characteristic velocity
and (#%/€)* as a characteristic length for isotropic
turbulence in the dissipation range under considera-
tion. The ratio of these two characteristic parame-
ters can be taken to be the surface renewal rate,
yielding (e/v)'"®. Therefore, (15) is an extension
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of (7), in which the surface renewal rate has been
specified in terms of physical quantities that can
be determined.

3. Determination of the input parameters for the
models

The input parameters necessary in the large eddy
and eddy cell models are difficult to obtain, requir-
ing many detailed measurements of the variables
characterizing the turbulence in the liquid phase.
Some of the existing methods will be briefly dis-
cussed. Then less rigorous methods of determining
the input parameters will be presented. These ap-
proximate methods greatly simplify the application
of the models.

a. More rigorous methods

Ideally, for the large eddy model, the length scale
of the large eddies can be taken equal to the depth
at which the concentration is that of the bulk liquid.
Unfortunately, this depth is not generally known. In
this case, A can be determined using the mixing
length hypothesis postulated by Prandtl (1925). This
requires careful measurements of the turbulent fluc-
tuating velocities near the surface of the water body
and of the vertical profile of the mean fluid velocity.
With the measured values of the turbulent fluctuat-
ing velocities, ' can also be specified for input into
the large eddy model.

For the eddy cell model, the rate of turbulent
energy dissipation is required. Careful measure-
ments of the profiles of the turbulent velocities near
the surface of the water body can be used to deter-
mine € according to the relation (see Hinze, 1959)

(aui au,-) auj
€E=v + -—,
dx; Ox;/)ox;

where u; and u; are the turbulent fluctuating
velocities in the x; and x; directions, respectively.

In practice, the values of the liquid-phase mass-
transfer coefficient are desired for a number of dif-
ferent situations and using the above methods would
require many detailed measurements for each situa-
tion. If that is so, one might as well measure the
liquid-phase mass-transfer coefficients directly
using the definition given in (2).

(16)

b. Approximation of input parameters

Rather than measure the liquid-phase mass-
transfer coefficient for every situation of interest, it
would be beneficial to have models that would allow
its a priori determination under varied conditions.
This capability would also allow more effective
generalization of empirical results. For the large
eddy model, one can use the same criteria as
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O’Connor and Dobbins (1958) to approximate the
input parameters. The root mean square of the
turbulent fluctuating velocity can be taken equal to
10% of the mean fluid velocity and the length scale
of the eddies can be taken equal to 10% of the
total liquid depth. Another approximation, which
seems more reasonable over a large range of appli-
cations, is to take #’ equal to the liquid phase
friction velocity w, at the free liquid surface as
postulated by Phillips (1966) and Kitaigorodskii
(1973). For large, deep water bodies, using the above
criterion for the length scale of the large eddies is
unrealistic. In this case, this parameter can be taken
equal to 10% of the depth of the wind mixed layer,
which exists in many situations in large water
bodies. This layer is considered to be a relatively
turbulent region resuiting from the transfer of mo-
mentum to the water body by the wind. The tur-
buleénce in this region should then promote mass
transfer into the liquid. Kitaigorodskii (1973) gives
the following empirical relation for the depth of the
wind mixed layer:

d = Cgw,/Q. a7

In this equation w, is the liquid-phase friction
velocity at the free liquid surface,  the Coriolis
parameter is equal to 1.46 X 10~*sin\, where A
is the latitude, and Cy is the dimensionless uni-
versal constant for the Ekman layer which was found
equal to 107! by Charney (1969). Ths formulation
presumes negligible thermally induced convection.
Approximating #’' by w, is recommended in all
cases. However, the approximation for A depends
on the situation of interest. Therefore, the large eddy
model expression for the liquid-phase mass-transfer
coefficient becomes

k, = 1.46(Dw /A)'2. (18)
The rate of turbulent energy dissipation required
in the eddy cell model can be approximated by
performing a turbulent energy balance near the sur-
face in the water body (see Kitaigorodskii, 1973).
This balance is
RO S
9z Pu
in which w, is the liquid phase friction velocity at
the surface, u,(z) the mean fluid velocity at a depth
z, g the gravitational acceleration, p,, the density of
the liquid phase, and p’ and w' the density
and vertical velocity fluctuations. The term
-w,*[0u,(z)/0z] is the rate at which turbulent
energy is generated by the work of the Reynolds
stress on the mean velocity gradient and is always
positive. In (19), gpo'w’/p,, is the rate of production
of turbulent energy by the buoyant forces and is
positive when there is a net buoyant flux upwards.

(19)
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Multiplication of (19) by xz/w 3, where « is the von
Karman constant usually taken equal to 0.4, yields

KZ€E
o

_ Kz du,(z)  kzgp'w

w, 2Py .
In this equation, the last term is equal to the depth
divided by a Monin-Obukhov length in the liquid
phase, which is defined by

(20)

W, w, 0z

PuW,’

kgp'w' '
The Monin-Obukhov length in the liquid phase
represents the depth at which the magnitudes of the
work done by the Reynolds stresses and by the

buoyant forces are of the same order. Using the
definition of L,,, Eq. (20) can be written as

L,= 21

Kz Ou,(z) + z

(22)

To permit the determination of € from (22), an
expression for the velocity profile, u,(z) in the body
of water, is necessary. Phillips (1966) postulated
the existence of a logarithmic velocity profile in
water bodies under thermally neutral conditions.
This has been supported experimentally by Shemdin
(1972) in a wind tunnel and by Bye (1967) in observa-
tions of ocean drifts. The form of the velocity
profile near the surface in the water body, modified
to account for non-neutral conditions, is

mz
+ —L—] . (23)

w

Uo(0) ~ uy(2) = ﬁ[ln(—z—)

K Zow

In this equation, «,,(0) is the surface drift velocity,

Zow @ roughness depth and m a constant usually

taken equal to 5. Differentiation of (23) with respect
to the depth z in the liquid yields

Ml=_l‘2‘_(l+m), 24)

dz KZL_w

This expression can then be substituted into (22) to
obtain the relation

_ w3 [_1_ + (m + 1)]
z L, )

25)

K

One point should be made concerning the use of (25).
Phillips (1966) has discussed limiting conditions on
(23), which also apply to (25). These equations are
adequate when |z/L,|<0.1 in stable conditions
and |z/Lw]<0.03 in the unstable case. At greater
depths, the effects of buoyancy dominate over the
Reynolds stress. By stable conditions, it is meant
that there is a net buoyant flux downward which
tends to dampen the turbulence in the liquid phase.
The value of L, as defined in (21) is then negative.
When the liquid phase is unstable, there is a net
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buoyant flux upward resulting in convective motions
in the liquid and promotion of turbulence. The value
of L, is then positive. Between these two limits
is the case of a thermally neutral liquid phase. In
this case, the buoyant flux, which characterizes the
flux of mass due to density differences, is zero. For
neutral conditions, the parameter L, then becomes
infinite and the velocity profile is strictly logarithmic.

The rate of turbulent energy dissipation has been
approximated and the resulting expression is given
in (25). This relation can now be substituted into
(15) to give the following eddy cell model expres-
sion for the liquid-phase mass-transfer coefficient:

3 + 1/4
kz=0.4D”2[ W [1+(’" 1)“ . (26)
vk |z L,

The liquid phase friction velocity w, which appears
in (18) for the large eddy model and in (26) for the
eddy cell model, is not easily measured. However, it
can be related to the gas phase friction velocity at
the free liquid surface using the fact that the shear
stress must be continuous there when there is no in-
crease in wave motion. Brtko (1976) found conflict-
ing evidence (both theoretical and experimental) in
the literature on the importance of wave action to
liquid-phase mass transfer. Thus in this work the free
liquid surface was taken to be flat. Recent perspec-
tive on the matter is provided by Kondo (1976).
Using the definitions of surface shear stress in both
the atmosphere and a water body, then

@7

— 2 — 2 —
Ta = an* - PwW* = Ty,

where 7, and 7, are the gas and liquid phase shear
stresses, respectively, p, and p,, are the gas and
liquid phase densities, respectively, and U, is the
gas phase friction velocity at the surface. Rearrange-
ment of (27) to solve for the liquid phase friction
velocity yields

Wy = (pdlPr) U (28)
With this relation, (18) becomes
1/271/2
k, = 1.46 [22*.(&) l , (29)
A \py/ .

and (26) becomes

3 3/2 - 1/4
k, = 0,491/2{2*_<&.) [l + (—'E—lz]} . (30
VK \ Py 4 L,

Unlike the liquid phase friction velocity, the gas
phase friction velocity can be determined due to ad-
vances in the field of meteorology. For thermally
neutral flow over a rough surface, the well known
logarithmic velocity profile exists in the atmosphere
(Sutton, 1953; Munn, 1966). Panofsky (1963) has
modified this profile to account for non-neutral con-
ditions and has arrived at
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UZ) = (U /0lInZ/Z,) - bu(Z/L)].  (31)

In this equation, U(Z) is the wind speed at a height
Z, Z, is the roughness height of the underlying
surface, Y,(Z/L) is the departure from neutrality
and L the Monin-Obukhov length in the gas phase.
This length was defined by Monin and Obukhov
(1954) as

L=— PaCp TOU*3 , (32)

kgHy

where c, is the specific heat at constant pressure,
T, the absolute atmospheric temperature and Hy the
net upward heat flux. If the atmosphere is thermally
neutral, this heat flux is zero and L, as defined in
(32), is infinite. For stable conditions, the heat flux is
negative indicating a net flux of heat downward in
the atmosphere. This tends to dampen the tur-
bulence in the atmosphere and L is positive. When
the atmosphere is unstable, there is a net flux of heat
upward, resulting in generation of turbulence. Then
the heat flux is positive and L is negative.

Under stable conditions in the atmosphere, ¥,(Z/
L)in (31) can be taken equal to —vy,Z/ L, where Hicks
(1973) suggests vy, = 5.2 and Businger et al. (1971)
suggest v; = 4.7. For unstable conditions, ¥,,(Z/L)
has been tabulated by Dyer and Hicks (1970) or can
be approximated using the Hicks’ (1973) relation

Un(Z/L) = exp{0.032 + 0.448 In(—Z/L)

- 0.132[In(-Z/L)]%}. (33)

Another parameter required for the application of
(31) is the roughness height Z,. Sutton (1953) has
tabulated values of the roughness height, charac-
teristic of various surfaces under neutral conditions
in the atmosphere. Therefore, using these values in
(31) and taking the Monin-Obukhov length equal to
infinity, the gas phase friction velocity can be
approximated for many situations as a function of
the wind velocity at any reference height. An ap-
proach for determining Z, over water has been
presented by Charnock (1955). In this case, Z, is
taken to be a function of U, such that

Z, = bU,/g, (34

where g is the gravitational acceleration and b a
constant equal to 0.016 (Wu, 1969). This empirical
relation, which applies only under neutral condi-
tions in the atmosphere, can be substituted into
(31) with the Monin-Obukhov length taken equal to
infinity. Then the resulting equation can be solved
for U, by trial and error.

When water is the underlying surface of concern,
rather than specifying Z,, correlations for the
determination of the drag force on the surface are
available. For example, Hicks (1973) gives the fol-
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lowing expression for the drag coefficient under
non-neutral conditions in the atmosphere:

Cp(2) = [Cp (D) — k™ Wu(Z/D)]7%,  (35)

in which C(Z) and C,, (Z) are the drag coefficients
under non-neutral and neutral conditions, respec-
tively. For Cp (Z), Hicks (1973) has developed a
correlation in terms of the wind speed at a reference
height, i.e.,

Cp, = [65 + 0.07U(2)] x 107°. (36)
Finally, Cp(Z) can be expressed in terms of the gas
phase friction velocity such that

Cp(2) = [U,/UD)P. (37)

Therefore, combining (35), (36) and (37) with the
relations for ,,(Z/L), the gas phase friction velocity
can be obtained as a function of the wind velocity at
any reference height.

There are other methods of determining U,
from the wind velocity. In order to be general and
allow the possibility of choice, (29) and (30) will be
left in terms of U,, which can be obtained by the
methods discussed or by other methods in the litera-
ture (Deacon and Webb, 1962; Sheppard, 1963).
Then, U, can be substituted as required in order
to calculate the liquid-phase mass-transfer coeffi-
cient. One point should be made concerning (29) and
(30). The gas-phase friction velocity and therefore
the liquid-phase mass-transfer coefficient are both
functions of the wind velocity. This is reasonable
since the wind transfers momentum to the under-
lying water body thereby increasing the turbulence
in the liquid phase. Since the rate of mass transfer
across the free liquid surface is dependent on the
turbulence in the liquid, the mass-transfer coefficient
should be a function of the atmospheric wind speed.
This has been verified experimentally in both the
laboratory and the field, as will be shown.

4. Comparison of the predictions of the models with
experimental evidence

a. Laboratory experiments

Fortescue and Pearson (1967) studied the absorp-
tion of carbon dioxide by water in turbulent
channel flow. In their experiments, the turbulence
was generated by a grid and was well represented
by the correlations of Batchelor and Townsend
(1948) developed from measurements on decaying
turbulence downstream of a grid. Fortescue and
Pearson (1967) and Lamont and Scott (1970) used
(10) and (15), respectively, to predict liquid-phase
mass-transfer coefficients representative of this
experimental situation. The required input parame-
ters for the large eddy and eddy cell models were
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F1G. 6. Experimental and predicted liquid-phase mass-transfer
coefficients in turbulent channel flow.

determined in each case. Comparison of the predic-
tions of both models to the experimental values of
the liquid-phase mass-transfer coefficient is shown
in Fig. 6. The predictions of the eddy cell model are
lower than the experimental results, while the
predictions of the large eddy model are higher.
Even though better agreement with the experimental
data is observed for the large eddy model, the pre-
dictions of both models are within a factor of 2 of
the measured values. Agreement of this quality is
expected as well in other situations in which the
input parameters can be obtained via a thorough
characterization of the turbulence.

Liss (1973) obtained experimental values of the
liquid-phase mass-transfer coefficient for absorption
of oxygen into water in a wind tunnel. In these ex-
periments, a rectangular tank was used to hold the
water. The water was kept well mixed using a circu-
lating pump and the depth of the water was main-
tained at 0.3 m. The wind velocity in the tunnel at a
height of 0.1 m above the water surface was varied
between 1.6 and 8.2 m s~!. Liss determined the gas
phase friction velocity U, from measurements of
the vertical logarithmic gas-phase velocity profile
under thermally neutral conditions in the wind tun-
nel. He calculated the overall mass-transfer coeffi-
cient on a liquid phase basis with the definition

K, = F/[(Cg/H) -Gl (38)

It appears that Liss used the oxygen concentration
in the laboratory air for C, and the initial under-
saturated oxygen concentration in the water for C,.
His flux F appears to be calculated from the change
in oxygen content in the recirculated water over the
time period required for equilibration. This is tanta-
mount to averaging the initial flux with zero, the flux
at equilibration. Thus the experimental mass trans-
fer coefficients may be a factor of 2 too low if the flux
is linear with time. The factor can be even higher
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Fic. 7. Comparison of predicted liquid-phase mass-transfer
coefficients to the experimental data of Liss (1973).

if the flux decays exponentially with time, which is
more likely.

Liss’ coefficient K; is approximately equal to (or
slightly less than) k; in this case since the absorp-
tion of oxygen by water is a liquid phase controlled
process due to the low solubility of oxygen. Model
input parameters had to be approximated, so (29)
and (30) were used to obtain the predictions. The
experimentally determined values of U, were sub-
stituted into the models and the necessary physical
properties were taken at 298 K. In using the eddy
cell model, the depth at which the liquid phase
mass transfer coefficient was evaluated was taken to
be 0.067 m. The problem involved in choosing this
depth will be discussed later. For the large eddy
model, the length of the eddies was taken to be 10%
of the total depth of the water or 0.03 m. Neutral
conditions (L, = ) were assumed to exist in the
liquid phase.

The experimental results and the predictions of
the models are shown in Fig. 7. The predictions of
both models are about three times higher than the
experimental results and display an opposite curva-
ture with wind speed. Both discrepancies may have
resulted from the way the experimental fluxes were
calculated. The predicted curvature is thought to be
the more plausible and agrees with observations in
the field. Liss (1975) and Kabel (1975) contemplate
this matter further.

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 8

b. Field experiments

The next step is to compare the models to actual
field data in which many other factors can affect the
liquid-phase mass-transfer coefficient. Brtko (1976)
has examined in detail many such experimental
investigations. Most of them are unsuitable for
evaluation of these models for reasons given in his-

" thesis.

By far, the most appropriate experimental results
for evaluation of the models are those obtained
using the radon method (Broecker and Peng, 1971;
Peng et al., 1974). Due to the importance of this
type of experiment in evaluating the models, the
theory behind the radon method will be discussed.

Radon is generated within the sea by the decay of
dissolved radium. As the partial pressure of radon
produced in this manner greatly exceeds the partial
pressure of radon in the sea which would be in equi-
librium with the air above, escape of radon to the
atmosphere takes place. The escape or flux F of
radon into the atmosphere is described by

Pe2_g),
d\H

in which P, is the partial pressure of radon in the
atmosphere, H Henry’s law constant and C, the
radon concentration in the bulk liquid. A mass
balance on a volume element at steady state yields

(39)

Fout — Fin = f [MC* — MC@)dz,

0

(40)

in which A\, and A, are the radioactive decay con-
stants for radon and radium, respectively. The term
on the left-hand side is the difference between the
flux of radon out of the volume element through a
unit cross sectional area and the flux of radon into
the volume element. Since the integration is over
infinite depth, F;, may be taken to equal zero.
Finally, C(z) is the concentration of radon at any
depth and C* the concentration of radium, which is
basically uniform with depth. Broecker et al. (1967)
showed that well away from an air-sea interface,
the rate of radioactive decay of radon is equal to that
of its parent radium, so that \,C* = \,C(z) and the
net flux equals zero in (40). This can be verified by
substituting values of A, (1.38 x 1072 s71), A, (2.08
X 10~7 s7!) and C* into (40). For C*, the value of
1 X 10713 g ¢! reported by Riley (1971) for the mean
concentration of radium in the oceans was used.
This results in C(z) being equal to 6.6 x 1072 g £,
which is essentially equal to the value of 6 X 107°
g ¢! reported by Riley (1971). If the no flux condi-
tion applied throughout the sea, Eq. (40) could be
written .

MC* = N\ C,, (41)

&
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in which C, would be the radon concentration at any
depth which would be in equilibrium with the exist-
ing radium. Eq. (41) can then be substituted
into (40) to eliminate the radium concentration C*
and yield

F = Jw MC, — C(2)]dz. (42)

0

Intuitively, this says that the flux of radon is equal
to the integrated deficiency of radon. By deficiency
is meant the difference between the rate of decay of
radon if there were no flux of radon and if there
were a flux of radon.

The investigators obtained vertical concentration
profiles for radon in the sea. The measured radon
concentrations in standard units of disintegrations
per minute per liter, are shown in Fig. 8. The solid
lines represent the investigators’ best curve fits
to the data. The radon concentration in Fig. 8 in-
creases with depth, as would be expected. In both of
the investigations, the radium concentration in the
liquid phase was also measured. This concentration
was virtually constant with depth and was used to
determine C, in (42). Therefore, with the above
information, (42) could then be solved for the flux of
radon. The resulting values of the flux were then
substituted into (39). In this equation, C, is approxi-
mately 13 orders of magnitude greater than P,/H
for radon, so P,/H was neglected. The value of C,
was obtained from the vertical radon concentration
profiles in Fig. 8. Therefore, Eq. (39) could be
solved for D/d; or the overall mass transfer coeffi-
cient. The resulting values can be compared to the
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Fi1G. 8. Radon concentration profiles measured by (a) Broecker
and Peng (1971) and (b) Peng et al. (1974).

predictions from the eddy cell and large eddy
models.

Better than obtaining individual values of the
overall mass transfer coefficient to compare to the
predictions of the models, the data presented in
Fig. 8 can be used to determine experimental
values of k; as a function of depth. First of all, the
flux of radon at the surface determined by Broecker
and Peng (1971) can be substituted into (39). Once
again, P,/H can be neglected. Then the radon
concentrations from Fig. 8a can be substituted one
at a time into (39). This procedure yields a vertical
profile of the liquid-phase mass-transfer coefficient
shown as data points in Fig. 9. The procedure
can be repeated using the flux of radon determined
by Peng et al. (1974) and the radon concentrations
from Fig. 8b. The resulting vertical profile data of
k; are shown in Fig. 10.
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F1G. 9. Vertical liquid-phase mass-transfer-coefficient profiles from the work of

Broecker and Peng (1971) and from the eddy cell and large eddy models.
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Peng et al. (1974) and from the eddy cell and large eddy models.

The method of obtaining predictions of k(z)
follows. For both models, the physical properties
were taken at 298 K for comparison to the work of
Broecker and Peng (1971) and at 278 K for compari-
son to the work of Peng et al. (1974) to match the
experimental conditions. The gas phase friction
velocity U, was obtained from (35), (36) and (37),
using the wind speed at 10 m reported by the investi-
gators. Neutral conditions were assumed to exist in
both the atmosphere and the water in all cases.
Finally, Eqgs. (30) and (29) required the depth in the
liquid phase at which C, was measured and the length
scale of the large eddies, respectively, as input
parameters. The depths at which C, was measured
were taken from Fig. 8. The length of the eddies was
taken to be 10% of the depth of the wind mixed layer
because of the large total depth of the water in the
areas studied.

Examining Fig. 9, we find the eddy cell model pre-
dictions are approximately a factor of 3 lower than
the experimental results. The trend found for the
data is very similar to the shape of the eddy cell
model-prediction curve. On the other hand, the large
eddy model predicts that the liquid-phase mass-
transfer coefficient is constant in the vertical direc-
tion. The predictions of this model represent an
average of the mass-transfer coefficient over some
depth. The same observations can be made in Fig.
10, except that the eddy cell model predictions
are approximately a factor of 6 less than the experi-
mental values. Therefore, the large eddy model gives
a less realistic physical picture in comparison to the
data than the eddy cell model. There are many fac-
tors in the field that the models do not account
for. For example, in the development of (29) and
(30) it has been assumed that all the turbulence in
the liquid phase is wind induced. However, if some

of the turbulence were due to ocean currents, ther-
mal instabilities and/or other convective effects,
measured values of the mass-transfer coefficient
would be greater than the predicted values, which is
the case in Figs. 9 and 10. i

The evaluation of the eddy cell and large eddy
models using the data obtained from the radon
method provides an opportunity to illustrate an im-
portant point. In the liquid phase, radium is decay-
ing to radon, which subsequently decays. The
models do not take these rates of decay into ac-
count. The radium decay can be neglected since it
is very slow. However, the radon decay may en-
hance the liquid-phase mass transfer. The rates of
decay of radon within the roll cell for the large
eddy model and within the eddy cell for the eddy
cell model can be incorporated by addition of a first-
order reaction term to the diffusion equations for
the respective cells. However, it has been shown
that the large eddy and eddy cell models are both
extensions of the surface renewal theory. In this
case, one can use the results developed by Danck-
werts (1951) to incorporate first-order reactions into
the surface renewal model for the liquid-phase mass-
transfer coefficient. Basically, if the solute under-
goes a homogeneous first-order reaction within the

. liquid phase, Danckwerts shows that the surface re-

newal rate s in (7) should be replaced by (s + Ay).
The parameter A\, is the reaction rate constant and
for radon it is the decay constant. Therefore, the
predicted mass-transfer coefficient is increased by
allowing for the decay of radon in the liquid phase.
For the large eddy model, s has been shown to be
equal to «’/A and for the eddy cell model, s = (e/v)V2.
The values of s for each of the investigations using
the radon method have been determined for each
model. The results ranged from 9.2 X 107 s7! to
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1.5 s71. The radon decay constant is equal to 2.1
x 107%s~1, Comparing the values of s to the value of
A,, one finds that the decay of radon does not sig-
nificantly increase the value of %, and can be
neglected. However, this method of quantifying the
effect of first-order reactions on the predictions of
the models is important. For example, in a liquid
with a small surface renewal rate, the reaction rate
may be very significant. Or even when the surface
renewal rate is large, the reaction rate can still be
important for a very fast reaction. Carbon dioxide
absorption by the ocean is such a case.

5. Recommendations for choice of the better model

In a new situation, it would be advantageous to
know in advance which model would be expected to
yield the better prediction. In the comparison to
the experimental work of Fortescue and Pearson
(1967), the large eddy model seemed to yield a better
prediction. However, in the comparison to the field
data, the eddy cell model definitely gave the better
prediction. In the comparison to the experimental
work of Liss (1973), the models yielded similar
predictions. )

One possibility of explaining this behavioris to ex-
amine Fig. 11, which is a plot of the energy spectrum
function E(n) in the various wavenumber ranges.
As the wavenumber increases, the length scale of the
eddies decreases. At low wavenumbers, the eddies
are very large and permanent in nature. These eddies
do not have the maximum kinetic energy due to the
limited number of them present. As the wavenumber
increases, the eddies are smaller. However, these
eddies make the main contribution to the total
kinetic energy of the turbulence and the energy spec-
trum reaches its maximum. Further increases in
wavenumber are accompanied by increased dissipa-
tion by viscous effects. This dissipation results
in a continuous decrease in the total kinetic energy.
The range of high wavenumbers (small eddies) is
termed ‘‘universal’’. Based upon the assumptions
used in their derivations, the large eddy model
and eddy cell model should give the better predic-
tions of the liquid-phase mass-transfer coefficient
in the energy containing eddy range and in the uni-
versal equilibrium range, respectively. Therefore,
a method of determining which region of Fig. 11
characterizes the turbulence of a given situation
would be helpful.

First of all, the parameter € is common to these
regions. In the region of energy-containing eddies,
€ is practically equal to the energy transferred
by the large eddies to the eddies of smaller scale
through inertial interaction. This energy being trans-
ferred to smaller eddies can be expressed as (Hinze,
1959)

€= Agu'?/l,, (43)
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Fi1G. 11. Form of the energy spectrum function in the
various wavenumber ranges.

where u’ is the turbulent intensity, /. the average
size of the energy containing eddies and Ay a numeri-
cal constant of the order of unity. In the universal
equilibrium range, € is practically equal to the dis-
sipation of energy by viscous effects. This energy
dissipation can be expressed as (Hinze, 1959)

€= 15vu'¥\?, (44)

where A, is the length scale of the small eddies
that are mainly responsible for energy dissipation.

Two appropriate Reynolds numbers can be speci-
fied from the parameters discussed above to charac-
terize the turbulence in the regions under considera-
tion. Hinze (1959) gives these as

Re, = u'l/v, 45)
for the range of energy containing eddies and
Re, = u'A v (46)

for the universal equilibrium range. One can deter-
mine if an extensive equilibrium range can be
expected to exist in the energy spectrum function
E(n). The criteria, in terms of the Reynolds num-
bers Re, and Re; are

Re,32 > 1, 47

(48)

Therefore, either Reynolds number can be used as a
determining parameter for specifying which model
should be expected to yield the better prediction
for a given situation.

To accomplish this, a theoretical relation be-
tween the ratio of the eddy cell model expression
for k, and that of the large eddy model involving
either Re, or Re, is sought. Substitution of (44) into
(15) gives the eddy cell model expression for &, as

15V2u'2 )1/4

A2

Re)3* >>> 1.

ky = 0.4(D/v)”2( (49)
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where k;, implies the eddy cell model prediction.

Then recalling that u’ = (4*)'72, the ratio of the eddy

cell model expression for k; to that from the large

eddy model can be obtained from (49) and (10). This
— =0.54

ratio is
A )1/2
ky ( N )

where k; implies the large eddy model prediction.
As already discussed, both the energy-containing
range and the universal equilibrium range have the
parameter € in common, so that (43) and (44) can be
equated. Then substituting (46) and solving for the
ratio of length scales yields

A/, = (Ag/15)Re,. (51)

In the derivation of (51), A was assumed to be of
_ the same order as /.. Finally, substitution of (51)
into (50) gives the relation for the ratio of the liquid-
phase mass-transfer coefficients from the models as

kis/ky = 0.14(AgRe))'2. (52)

Rather than taking A, equal to unity, A; was deter-
mined using the predictions shown in Fig. 6. The
rationale is that the eddy cell and large eddy model
predictions shown in Fig. 6 were based on a detailed
characterization of the turbulence and the theory
indicated by (52) should conform to these predic-
tions. When this was accomplished, A, was found
equal to 1.13. This value was subsequently used
throughout this work.

Eq. (52) is indicated by a solid line in Fig. 12,
which illustrates the dependence on the Reynolds
number of the ratio of the eddy cell model prediction
to the large eddy model prediction. The theoretical
ratio of coefficients is equal to unity at a Reynolds
number of ~45. The ratio is less than unity at lower

kls ( 5 0)
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Reynolds numbers indicating that the large eddy
model would predict the higher mass transfer coef-
ficients. Likewise, the ratio is greater than unity
at higher Reynolds numbers indicating that the eddy
cell model would predict the higher coefficients.
However, this does not indicate which model would
be expected to yield better predictions of the liquid-
phase mass-transfer coefficient for a given situation.
But as stated previously, an extensive universal
equilibrium range would be expected to exist for
large values of Re, or Re; based on (47) or (48). The
energy spectrum function would then exist mainly in
the region of high wavenumbers and the turbulence
would contain mainly small scale eddies. In this case,
the eddy cell model should give the better prediction.
Similarly, for small values of Re, or Re;, an extensive
equilibrium range would not be expected. The
energy spectrum function would then exist mainly in
the region of low wavenumbers and the turbulence
would contain mainly large-scale eddies. In this
case, the large eddy model should give the better
prediction. Finally, it is reasonable to expect that
at intermediate values of Re, or Re,, both large and
small eddies would exist. In this case, the two
models should give similar results. '

These expectations correspond closely to the ob-
servations made when the model predictions of
liquid-phase mass-transfer coefficients were com-
pared to the experimental evidence. For the three
experimental situations previously presented, the
ranges of the ratios of the eddy cell model predic-
tion to the large eddy model prediction are indi-
cated on Fig. 12. In the work of Fortescue and
Pearson, the values of Re, were low and therefore
it would be expected that the large eddy model pre-
dictions of k; would not only be greater but also
better than the eddy cell model predictions. This

T
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FiG. 12. Ratios of the eddy cell model prediction to the large eddy model prediction
for Reynolds numbers corresponding to three experimental situations.
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can be verified by examination of Fig. 6. Like-
wise, in the range of the field data, the values of
Re, were high. Thus it would be expected that the
eddy cell model predictions of k; would not only be
greater but also better than the large eddy model pre-
dictions. This can be verified by examination of
Figs. 9 and 10. Finally, in the range of the experi-
mental work of Liss, the values of Re, were inter-
mediate and therefore it would be expected that the
two model predictions of k; should be approxi-
mately the same. This can be verified by examina-
tion of Fig. 7. Therefore, the use of Re, or Re,
as a criterion for choosing the better model works
well for the known experimental situations and
should be acceptable in determining which model
would be better to use for new situations.

The quantitative recommendations for choosing
which model would be expected to yield the better
prediction of the liquid-phase mass-transfer coeffi-
cient for a new situation can now be presented.

The use of the large eddy model is recommended
when

Re)‘ < 30
or

(53)
Re; < 70.

The use of the eddy cell model is recommended
when

Re, > 100
or 54
Re, > 750.
Finally, either model is recommended when
30 < Re, < 100
or (55)
70 = Re; < 750.

The problem involved in choosing the reference
depth z for use in the eddy cell model was men-
tioned in connection with the comparison of the
model predictions to the experimental work of Liss
(1973). The method devised, discussed below, was
based on the theoretical results of Fig. 12.

Using the value of /,, which was taken equal to A,
the Reynolds number Re, was determined from (45).
Then, using the relation given by Hinze (1959)

Re, = AgRe /15, (56)

the value of Re, could be obtained. The values of
l, and Re, were substituted into (51) to determine
A,. Knowing A, permitted the determination of €
from (44). Finally, the value of z was obtained

by substituting the value of € into
€ =w,3kz,

(57

which is simply (25) under neutral conditions in the
liquid phase.
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The depth obtained from the procedure was plau-
sible since it was less than the total liquid depth in
the experimental situation. The procedure was not
necessary in the comparison of the model predic-
tions to the field data in Figs. 9 and 10. This is be-
cause the value of z was known from the concentra-
tion profiles in Fig. 8, making apphcatlon of the eddy
cell model simpler.

6. Conclusions

The exchange of gases between the atmosphere
and underlying water bodies is an important mecha-
nism by which pollutants can be removed from or
added to the atmosphere. Three parameters, the
gas- and liquid-phase mass-transfer coefficients
and the solubility of the gas in the liquid phase, are
needed to quantify this mass transfer process.

The gas solubility can be found from simple
equilibrium experiments if it is not already known.
The prediction of the gas-phase mass-transfer coef-
ficient is treated in detail by Kraft (1977). Two
models characterizing the turbulence in the liquid
phase have been invoked to determine the liquid-
phase mass-transfer coefficient. When comparing
the predictions of the models to the experimental
results obtained by Fortescue and Pearson (1967) in
a situation in which the liquid phase turbulence was
well characterized, the maximum deviation of the
predictions of either model was less than a factor
of 2.

Under most circumstances, it is not practical to
characterize the liquid-phase turbulence in detail.
Therefore, methods of approximating the input
parameters for the models have been developed
which yielded predictions of the liquid-phase mass-
transfer coefficient within factors of 3 and 6 of ex-
perimental evidence in the laboratory and the field,
respectively.

A theoretical analysis indicated that the large eddy
model should give better predictions of the liquid-
phase mass-transfer coefficient when the Reynolds
number Re, is less than 70. Similarly, the eddy cell
model should give better predictions when Re, is
greater than 750. At intermediate values, either
model is satisfactory.

With these criteria and the models, one should be
able to incorporate into many pollution models the
process of pollutant transfer at natural air-water
interfaces. This would yield more accurate estimates
of atmospheric pollutant concentrations and of the
contamination of water bodies by pollutants. The re-
sulting information should be useful in local, re-
gional and global air and water resource manage-
ment programs.
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