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Abstract

AirÐwater mass transfer of organics from shallow ponds under the in~uence of weak wind stress on the water surface
is studied numerically using a two!dimensional model[ The ~ow _eld in the pond is investigated using a computational
code\ based on a second order _nite volume approximation\ which is used to numerically solve the momentum\ mass
and continuity conservation equations[ Solutions are presented for pond aspect!ratios "length to height# ranging from
0 to 09\ Reynolds numbers\ based on pond depth\ between 05 and 0519\ and Schmidt numbers from 556 to 1919[ The
results show that the water phase ~ow _eld is strongly dependent on the wind!induced surface velocity and the aspect
ratio of the pond[ Based on the numerical study\ the liquid!side mass transfer coe.cient is correlated with the Reynolds
number "ReL#\ pond aspect ratio "AR# and the Schmidt number "Sc#[ Deviations from the simple penetration model
increase with increasing pond aspect ratio and decreasing Reynolds number[ Þ 0887 Elsevier Science Ltd[ All rights
reserved[

Nomenclature

AR pond aspect ratio\ L:H
Cw concentration ðmol m−2Ł
Cwb well!mixed bulk concentration ðmol m−2Ł
Cwi local interface concentration ðmol m−2Ł
D molecular mass di}usivity ðm1 s−0Ł
` gravitational acceleration ðms−1Ł
H depth of the pond ðmŁ
kL liquid!side mass transfer coe.cient ðm s−0Ł
kg gas!side mass transfer coe.cient ðm s−0Ł
L length of the pond ðmŁ
n unit vector normal to the wall
P Pressure normalized with respect to rUs

1

ReH Reynolds number\ UH:n
ReL Reynolds number\ UL:n
Sc Schmidt number n:D
ShL Sherwood number\ kLL:D
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ShH Sherwood number\ kHH:D
t time normalized with respect to H:Us

ui velocity vector normalized with respect to Us

Us free surface velocity ðm s−0Ł
U09 wind velocity at 09 m ðm s−0Ł
xi position vector normalized with respect to H
x\ y\ z\ Cartesian coordinates ðmŁ[

Greek letters
dc concentration boundary layer thickness ðmŁ
n kinematic viscosity ðm1 s−0Ł
r density ðkg m−2Ł[

Superscripts and subscripts
Ð surface averaged quantity
o initial value[

0[ Introduction

Mass transfer rates of volatile organics across natural
airÐwater interfaces plays an important role in numerous
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industrial\ geophysical\ agricultural and environmental
processes[ For example in natural and man!made water
bodies\ knowledge of waterÐair exchange of chemicals is
crucial to understanding multimedia chemical transport
and associated potential chemical exposure of human
and other ecological receptors ð0Ð2Ł[ The resistance to
mass transfer for airÐwater chemical mass exchange is
typically described by the conventional LewisÐWhitman
two!_lm resistance theory which makes use of liquid!side
"kL# and gas!side "kg# mass transfer coe.cients ð3Ł[ It is
noted that for non!active volatile and sparingly water
soluble organics which have a high Henry|s law constant\
the resistance to mass transfer is generally mostly in the
water phase[ Thus knowledge of kL for such chemicals
is most important to quantify their waterÐair chemical
exchange rates[

While much research has been done to quantify the
rates of chemical mass transfer across the airÐwater inter!
face\ as recently pointed out by Peng et al[ ð4Ł most
previous studies have focused on situations where the
water phase is relatively well!mixed\ due to either natural
convective currents or wind!induced mixing[ The existing
theories and correlations for the liquid!side mass transfer
coe.cient typically apply to turbulent conditions in the
water phase ð0Ð2\ 5Ð00Ł[ These approaches do not apply\
however\ when the wind stress on the water surface and
natural convective currents are weak enough and the
hydrodynamic conditions are essentially laminar[ Such
conditions may arise\ for example\ during calm con!
ditions or when the water bodies are sheltered from the
wind and in water bodies of small fetch "e[g[\ small water
reservoirs and holding ponds#[ In order to evaluate the
rate of mass transfer in water bodies where wind!induced
water circulation is weak\ one has to evaluate the com!
plete hydrodynamics in the water phase and the con!
centration distribution resulting from chemical transfer
through airÐwater interface[

It has been suggested that correlations for kL should
distinguish three regions depending on wind velocity]
"a# the region up to 2 m s−0 where the e}ect of the
wind induced current is weak and the water surface is
aerodynamically smooth^ "b# the region from 2 to 09 m
s−0 where signi_cant wave action and turbulent wind!
induced drift current exist^ and "c# above 09 m s−0 where
wave breaking may occur ð2Ł[ Under turbulent conditions
mass transfer in the liquid!side is dominated by surface
renewal ð01\ 02Ł[ However\ under laminar conditions the
liquid!side resistance to mass transfer across the airÐ
water interface is dominated by the concentration bound!
ary layer rather than surface renewal ð03Ł[ It is also noted
that in small water of short fetch and at the low wind
speeds speed regime\ a situation of interest in this work\
the liquid!side mass transfer coe.cients is also likely to
be a}ected by the water body geometry[

In recent years a number of investigators have pre!
sented numerical studies of the hydrodynamics ð04Ð08Ł

and sedimentÐliquid mass transfer ð19Ł in cavities under
laminar conditions[ For example\ the study of Kumagai
ð06Ł suggests that the problem of circulation in a cavity\
induced by a top lid moving at a constant speed\ is suit!
able for the study of wind!driven circulation because the
governing equations are of similar type\ provided that
the surface is smooth[ In the environment\ such a con!
ditions is expected for calm winds and water bodies with
a relatively short fetch[ The circulation in a cavity\
induced by a constant uniform surface stress\ was studied
by Bye ð04Ł and O|Brien ð05Ł for length:depth ratios rang!
ing from 0:2]7 and Reynolds numbers "based on cavity
depth# less than 399[ These studies demonstrated that a
steady!state solution exists and that the shapes and num!
ber of vortices strongly depend on the cavity aspect ratio[
Simulations at one to two orders of magnitude higher
Reynolds numbers were presented by Kumagai ð06Ł\ Gat!
ski et al[ ð07Ł and Neary and Stephano} ð08Ł suggesting
that\ as inertial e}ects become more dominant\ signi_cant
circulation exists at the downstream end of the cavity[
These authors also noted various instabilities which
become pronounced with increasing Reynolds number
and cavity aspect ratio[

In shallow water bodies\ such as small water reservoirs\
water impoundments or ponds\ which are the focus of
this study\ the topology of the ~ow is expected to be
a}ected by the geometry of the water body\ i[e[\ depth
and location and con_guration of the containing walls
ð06Ð08Ł[ Thus the geometry of the pond will also a}ect
mass transfer at both the airÐwater and sedimentÐwater
interfaces[ For example\ Chang et al[ ð19Ł demonstrated\
via numerical simulations and experimental data\ the
e}ect of length:depth aspect ratio ranging from 9[0 to
09 on wallÐliquid mass transfer in cavities subjected to
external laminar ~ow[ Earlier experimental studies by
Thibodeaux and Baker ð10Ł also indicated that the sedi!
mentÐwater mass transfer coe.cient\ in a small wind!
water tank\ subjected to tangential air over~ow\ was
a}ected by the aspect ratio[

The present work extends previous studies by eva!
luating the e}ect of the geometry and Reynolds number
on the ~ow _eld\ under isothermal conditions\ and the
resulting in~uence on the rate of mass transfer across the
airÐwater interface[ The focus of this study is on chemical
mass transfer\ across a smooth waterÐair interface which
is set in motion by calm winds setting water circulation in
the laminar regime[ Knowledge of the local mass transfer
coe.cient\ as a function of position along the pond\
would be useful in assessing the average chemical ~ux
under calm conditions[ Moreover\ information regarding
the concentration _eld would help in designing appro!
priate sampling strategies[

The present approach considers the numerical study
of a two!dimensional cavity with a lid!driven ~ow to
simulate the e}ect of a weak wind!driven current in a
shallow water pond[ Three ponds with aspect ratios
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"depth ] length# of 0 ] 0\ 3 ] 0 and 09 ] 0 were studied with
a lid speed of up to 9[992 ms−0[ Such a low lid speed was
selected to simulate nearly calm conditions[ Finally\ a
range of 556Ð1919 was selected for the Schmidt number
to cover a range of organic chemicals which are of interest
for their potential environmental impact when evap!
orating from bodies of water circulating in ponds under
laminar conditions[

1[ Model description and governing equations

The present analysis is simpli_ed by considering two!
dimensional ~ow of water contained in a rectangular
basin of depth\ H\ and length\ L\ as illustrated in Fig[ 0[
The walls in the traverse direction are located su.ciently
apart from each other and both H and L are large enough
to neglect surface tension e}ects[ Three di}erent ge!
ometries were studied\ L � 9[5\ 1[3 and 5 m\ with the
height of the pond maintained constant at H � 9[5 m[
These three con_gurations have aspect ratios
AR � L:H � 0\3 and 09\ respectively[

The unsteady\ incompressible ~ow of water in the pond
is governed by the continuity equation

1ui

1xi

� 9 "0#

and the NavierÐStokes equations\ which can be written
in non!dimensional form as

1ui

1t
¦

1ujui

1xj

� −
1P
1xi

¦
0

ReH

11ui

1xj1xj

"1#

where the gravity term has been included in the pressure
term[

Fig[ 0[ Schematic of the rectangular pond[

The evolution of the concentration _eld is governed by
the mass transport equation\ written in a non!dimen!
sional form as

1Cw

1t
¦

1uiCw

1xi

�
0

ReHSc
11Cw

1xj1xj

"2#

where Cw is the dimensionless chemical concentration
normalized with respect to the initial concentration in the
pond\ Cwo\ at the initial time to[

The boundary and initial conditions are de_ned as
follows[ At the free surface\ y � H\ the water velocity at
the interface is assumed to be constant and it is approxi!
mated from Us � 9[92 = U09\ where U09 is the wind velocity
ð11Ł[ The present calculations cover the range of
2×09−4 ¾ Us ¾ 2×09−2 m s−0 "09−2 ¾ U09 ¾ 09−0 m
s−0#\ to assure that the simulations are in the range of
wind speeds that correspond to a smooth free surface[ At
this free boundary\ the solute concentration is taken as
zero\ i[e[\ the mass transfer process at the interface is
assumed to be dominated by the water!side resistance[ At
the vertical and the bottom walls the non!slip boundary
condition leads to ui � 9[ The condition of no!~ux at the
solid boundaries implies that 1CÞw:1n � 9 where n is the
unit vector normal to the wall considered[ Finally\ when
solving equation "1#\ the ~uid is assumed to be initially
at rest\ "ui#t�9 � 9\ and when solving equation "2# the
initial concentration is taken to be uniform "CÞw#t�9 � 0
inside the cavity[ The dimensional interfacial local mass
~ux\ from the water side\ can be calculated from

kL"Cwb−Cwi# � −D
1Cw

1y by�9

"3#

where Cwb and Cwi are the well!mixed bulk and local
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interface concentrations\ respectively\ at any time t\ and
y is the distance from the interface[ For chemicals with a
high Henry|s law constant\ CwbŁŁCwi and "Cwb−Cwi# ¼
Cwb equation "3# becomes

kL"x# � −
D
Cb

1C
1y bx "4#

Finally\ a surface!average value for the liquid!side mass
transfer coe.cient is given by

kÞL �
0
Lg

L

9

kL"x# d"x# "5#

2[ Numerical procedure

Numerical solutions of the above governing equations
were obtained for the primitive variables by using a two!
dimensional version of the computer solver 2DINAM!
ICS ð12\ 13Ł[ Equations "1# and "2# were discretized fol!
lowing a control volume approach[ A non!uniform stag!
gered grid was used\ where all scalar magnitudes were
located at the center of the computational volume cells\
while the velocity components were de_ned at the respec!
tive faces normal to the x and y directions[ A second
order accurate QUICK scheme "Quadratic Upstream
Interpolation for Convective Kinematics# was used for
the convective transport terms[ This scheme encompasses
both accuracy and numerical stability ð14\ 15Ł[

The main problem when solving the equations in the
primitive variable form is the coupling between the vel!
ocity and the pressure _eld[ To compute the pressure
_eld the SMAC algorithm was adapted ð16Ł[ The time
integration involves two steps[ At the step from tn to t�
the approximately velocity _eld u�i \ is obtained using the
discretized form of equation "1# and the old "time n#
pressure _eld as the guessed pressure _eld[ The second
step\ which updates u�i to un¦0

i \ corresponds to the velocity
and pressure corrections accomplished by solving the
Poisson equation[ A critical step in the pressure al!
gorithm\ that a}ects the global e.ciency of the code\ is
the resolution of the Poisson equation[ For this purpose\
2DINAMICS makes use of the Conjugate Gradient
Method ð17Ł which is faster than other iterative pro!
cedures for Poisson!like equations written in the _nite
di}erence form[

A steady!state criterion for the dynamic _eld is
imposed in the calculations as given below

>ut¦Dt
i −ut

i>
>ut¦Dt

i >
¾ 09−4 "6#

Once the steady!state dynamic _eld is obtained\ the
uncoupled mass!transfer equation "2# is solved[ Based on
the simulation results\ both the local and the surface!
average interface mass transfer coe.cients\ de_ned by
equations "4# and "5# can be obtained[

Cuesta et al[ ð13Ł validated 2DINAMICS describing
the ~ow in a cubical cavity driven either by the upper
moving lid or by the simultaneous heating and cooling
of two opposite vertical walls[ Pallare�s et al[ ð18Ł validated
2DINAMICS with the RayleighÐBenard problem at
moderate Rayleigh numbers[ The performance of
2DINAMICS in the pond problem was established by
a systematic grid!independence study[ This study was
conducted for a pond geometry with aspect!ratio 3\ and
for the highest ReH and Sc numbers covered in the present
work\ i[e[\ for ReH � 0\519 and Sc � 1\919[ Starting with
a coarse grid of 70×70 control volumes\ the grid was
successively re_ned to 70×000\ 70×040\ 70×080\
70×100 and 70×160 with non!uniformly distributed
nodes[ Figure 1 shows the evolution of the predicted
surface!averaged KÞL value with the number of grid points
used[ Numerical calculations show that re_ning the grid
in the vertical direction from 100 to 160 nodes results in
less than 1) improvement in the calculated value of
the surface!averaged liquid!side mass transfer coe.cient[
Another illustration of the grid selection is provided in
Fig[ 2 in which the concentration pro_les were plotted at
the time when the average concentration in the pond
declined to half the initial value[ The steep change
observed in the concentration pro_les in Fig[ 2 near the
interface "H ¼ 9[5# justi_ed the need for a non!uniform
grid distribution[ Finally\ the concentration pro_les\
shown in Fig[ 2 when a minimum of 4 nodes placed inside
the boundary layer when at least 110 nodes are used\
support the selection of 70×100 grid to accurately cap!
ture the liquid!side concentration boundary layer[

3[ Results and discussion

The present study deals with the transfer of pollutants
between an impoundment of contaminated water and
the surrounding air when weak but steady water phase
circulation is induced by wind stress on the water surface[
The main goal is to establish the importance of non!
uniformities in the distribution of the local liquid!side
mass transfer coe.cient and evaluate the range of appli!
cability of the penetration theory to predict the cor!
responding surface!averaged values[ Numerical simu!
lations were carried out for three di}erent surface
velocities\ 2×09−4\ 2×09−3 and 2×09−2 m s−0 "cor!
responding to ReH � 05\ 051\ 0519#\ and three di}erent
aspect ratios\ AR � 0\ 3\ 09[ The range of Schmidt num!
bers considered\ 556¾ Sc ¾ 1919\ encompasses the
values corresponding to methanol "Sc � 556#\ benzene
"Sc � 0000# and pentachlorophenol "Sc � 1919#[

Figures 3 and 4 show the di}erent ~ow patterns that
are generated in ponds with AR � 0 and 3\ respectively\
at ReH � 05\ 051 and 0519[ The dynamic _elds for
AR � 09 are not included because they are qualitatively
similar to those for AR � 3 shown in Fig[ 4[ At the lowest
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Fig[ 1[ Surface!averaged mass transfer coe.cient for AR � 3\ Sc � 1919 and ReH � 519 as a function of the inverse number of vertical
grid nodes "NY#[

Reynolds number studied "Re � 05# a single recirculating
eddy\ centered in the geometrical center of the pond\
develops for any of the rectangular geometries
considered[ When the Reynolds number increases this
main eddy becomes asymmetric and its center moves
closer to the downwind wall[ Figures 3 and 4 clearly
illustrate that this e}ect is more pronounced for cavities
with AR × 0[ At the highest ReH � 0519 studied\ Figs 3c
and 4c\ this recirculating motion becomes nearly circular
and\ thus\ an eddy of equal size is observed for any of
the three ponds considered[ Figure 3c shows that in the
square cavity di}erent secondary eddies are formed at
the corners\ while for AR × 0 Fig[ 4c shows that a second
counterclockwise eddy forms at the upwind region[ It is
noted that the features of the ~ow _elds obtained for the
present simulations are in agreement with those published
in the literature ð04\ 06Ð08Ł[

The velocity _elds depicted in Figs 3 and 4 indicate
that the velocity gradients near the interface change
signi_cantly with the streamwise direction[ As a conse!
quence\ the corresponding concentration _elds should
also change signi_cantly with depth and the streamwise
coordinate\ as observed already in Fig[ 2 for the near!
interface region[ According to these concentration pro!

_les for the AR � 3 pond\ mass transfer rates are sig!
ni_cantly higher at the entrance upwind region decreas!
ing thereafter\ as expected[ It is also worth noting that
the concentration isolines\ as demonstrated in Fig[ 5\
closely match the streamlines of Fig[ 4 because chemicals
at high Sc numbers act nearly as passive markers due to
their low molecular mass di}usivity in water[

The observation of the concentration pro_les near the
free!surface at di}erent streamwise locations allows the
determination of the thickness of the concentration
boundary layer "dc#[ For example\ for Sc � 1919\
ReH � 0519 and AR � 3\ dc � 1 mm at x � 9[0 m[ The
maximum value of dc corresponds to the smallest Schmidt
number and aspect ratio\ i[e[\ the volatilization for the
lowest Sc number studied "Sc � 556\ i[e[\ methanol# in
the AR � 09 pond[ Even for Sc � 556 the resistance to
mass transfer is mainly in a very thin region adjacent to
the interface and it is only very weakly a}ected by the
speci_c ~ow pattern that develops inside the cavity[ This
is clearly illustrated in Fig[ 6\ where the distribution of
the local mass transfer coe.cient\ kL\ along the surface
for a given Reynolds and Schmidt numbers\ follows the
same trend for all ponds[ The noticeable feature in Fig[
6 is the varied extent of evolution of kL\ with the x!
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Fig[ 2[ Dimensionless concentration pro_les "C:Co# at the surface region for AR � 3\ Sc � 1919 and ReH � 0519 at streamwise locations
" from top to bottom# x � 9[990\ 9[2\ 9[5\ 9[8\ 0[1\ 0[4\ 0[7\ 1[0 and 1[288 m\ for grids with "a# 100 and "b# 160 nodes[ "Note] the pro_le
is plotted at t 3 199 h\ when the average concentration reached half the initial value#[

direction\ imposed by the pond aspect ratio[ The same
coincidence was found for the other ~ow and transfer
conditions studied[ As a consequence\ the overall mass
transfer rates should be higher for lower aspect ratio
ponds[ It should be noted that both the local and the

surface!averaged liquid!side mass transfer coe.cients
calculated numerically quickly reach their state!state
values\ typically after about 2 h of real time[

The variation of the local mass transfer coe.cient with
ReH is presented in Fig[ 7 for AR � 3 and Sc � 1919[
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Fig[ 3[ Streamlines for pond of AR � 0 at ReH] "a# 05\ "b# 051
and "c# 0519[

This _gure shows that even at low Reynolds numbers the
local mass transfer coe.cient kL decreases sharply from
the edge of the pond[ Again\ according to the devel!
opment of the concentration boundary layer which limits
the mass transfer process\ the region with higher kL values
extends further down stream as the Reynolds number
increases[ Both Figs 6 and 7 show that the distribution
of the local kL is not in~uenced by the presence of di}erent
recirculating motions that develop within the pond[ Local
kL values also increase with the Sc number and are inde!
pendent of the ~ow structures even for a Schmidt number
as low as 099 "Fig[ 8#[ This in~uence would become
apparent for concentration boundary layer thickness
comparable to the dynamic one\ i[e[\ for Sc ¼ 0\ a situ!
ation which would not match realistic volatilization con!
ditions for organic pollutants[ The above results suggest
that mass transfer theories such as the penetration theory
could yield reasonable predictions of the surface!aver!
aged liquid!side mass transfer coe.cient for ponds with
small aspect ratios and at high Reynolds numbers[

The application of the penetration theory ð03\ 29Ł to
the mass transfer process in a pond of length L\ with a
water surface velocity Us\ leads to an expression for the
surface!averaged liquid!side mass transfer coe.cient of
the form

kL � 1X
DUs

pL
"7#

When equation "7# is written in terms of non!dimensional
variables\ the following expression is obtained

ShL �
1

zp
Sc0:1Re0:1

L "8#

Since L � AR = H\ equation "8# can be written as

ShL �
1

zp
AR0:1Sc0:1Re0:1

H "09#

where the e}ect of geometry is included explicitly in the
parameter AR[

Equation "09# is plotted in Fig[ 09 along with the com!
puted dimensionless mass transfer coe.cients "i[e[ ShL#
for all the cases studied here[ Several conclusions can be
drawn from this _gure[ First\ the calculated Sherwood
numbers vary with the expected 9[4 power of the Schmidt
number\ in agreement with equation "09#[ Second\ the
present results and the penetration theory progressively
coincide as ReH increases and\ for low Re the agreement
is better as AR decreases[ While there is fairly good agree!
ment at ReH × 0999 for all AR and Sc covered\ the simple
penetration model deviates by up to about 49) at low
Reynolds numbers and for AR � 09[

The deviation of the penetration model from the pre!
sent numerical calculations "Fig[ 09# arises from the fact
that the penetration theory assumes short contact times
between phases\ i[e[\ a constant concentration in the
water side far from the surface[ This condition is not
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Fig[ 4[ Streamlines for pond of AR � 3 at ReH] "a# 05\ "b# 051 and "c# 0519[
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Fig[ 5[ Concentration isolines "AR � 3\ Sc � 1919# at ReH] "a# 05\ "b# 051 and "c# 0519[
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Fig[ 6[ Variation of the local mass transfer coe.cient with streamwise position for AR � 0\ 3\ 09 "Sc � 1919\ ReH � 0519#[
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Fig[ 7[ Variation of the local mass transfer coe.cient with streamwise position for AR � 3 and Sc � 1919 at di}erent ReH numbers[
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Fig[ 8[ E}ect of the Schmidt number on the local mass transfer coe.cient for AR � 3 and ReH � 0519[

ful_lled for low surface velocities and geometries with
large aspect ratios[ The combined e}ects of low velocities
and large AR values can be quanti_ed by correlating the
numerical results as given by the following expression

ShL �
1

zp 00−9[240
AR
ReH1

0:2

1AR0:1Sc0:1Re0:1
H "00#

or\ in terms of ReL\

ShL �
1

zp 00−9[24
AR1:2

Re0:2
L
1Sc0:1Re0:1

L "01#

which encompass the penetration model given by equa!
tions "8# and "09# with the factor in parenthesis on the
right hand side of equations "00# and "01# being a cor!
rection to this model[ It is noted that equations "00# and
"01# are valid for laminar non!wavy surface conditions
and for the aspect ratio "AR# range of 0Ð09[ Also\ since
surface waves typically begin at a wind speed of about

2 m s−0\ the above correlations should not be applied
above ReH � 3[7×093[

The correlation expressed by equation "01#\ along with
all computed results and the penetration model are pre!
sented in Fig[ 00[ This _gure shows that for ReL values
greater than 0999 the present results and their correlation\
equation "01#\ agree with penetration theory[ At lower
ReL and aspect ratios greater than unity\ where the pen!
etration theory fails\ the proposed correlation can be used
to describe the computed results and thus estimate the
average kL for other situations of practical interest[

4[ Conclusions

A numerical study of chemical volatilization from a
shallow pond under the in~uence of weak wind!induced
water recirculation was studied numerically using a two!
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Fig[ 09[ Comparison of the Sherwood number\ ShL\ determined numerically with the penetration theory for di}erent pond aspect ratios
and Reynolds number\ ReH[

dimensional model for ~uid ~ow and mass transfer[ The
simulation results demonstrate that the water ~ow _eld
is strongly dependent on both the wind!induced surface
velocity "or Reynolds number# and the aspect ratios of
the pond[ As the Reynolds number "based on pond
length# is increased up to 0519\ a complex steady ~ow
structure develops consisting of a main recirculating eddy
located downwind for aspects ratios greater than unity[
At the highest Reynolds number studied the main eddy
is of comparable size for all pond aspect ratios[

Both the local and surface!averaged mass transfer
coe.cients are mainly determined by the ~ow _eld in the
surface region[ This region is essentially independent of
the di}erent internal scale motions that develop inside
the pond[ Under such conditions mass transfer rates cal!
culated from the simple penetration theory\ for small
pond aspect ratio and high Reynolds numbers\ are of
su.cient accuracy as con_rmed by the present numerical
calculations[ However\ for low Reynolds numbers and
especially large pond aspect ratios the penetration theory
deviates due to the increased residence time of the ~uid

elements advected along the surface region[ A convenient
correlation which extends the penetration theory to
include the e}ect of pond aspect ratio and Reynolds
number on residence time was developed based on the
present numerical results[ Finally\ it is noted that the
extension of the current study to include the more com!
plex simulation of three!dimensional and non!isothermal
circulation in shallow ponds is the subject of an ongoing
study[
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Fig[ 00[ Sherwood number correlation "Equation "01## for the surface area!averaged liquid!side mass transfer coe.cient[
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