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This article presents a numerical study of mixed-convection heat and mass transport in a lid-
driven square enclosure � lled with a non-Darcian � uid-saturated porous medium. The two
vertical walls of the enclosure are insulated, while the horizontal walls are kept at constant
but different temperatures and concentrations with the top surface moving at a constant
speed. The transport equations are solved numerically using the � nite-volume approach
along with the alternating direct implicit (ADI) procedure. Comparisons with previously
published work are performed and found to be in excellent agreement. The results of the
present investigation indicate that the buoyancy ratio, Darcy number, Lewis number, and
Richardson number have profound effects on the double-diffusive phenomenon.

INTRODUCTION

Double-di� usive convection or thermosolutal convection is generally referred
to ¯uid ¯ows generated by buoyancy e� ects due to both temperature and con-
centration gradients. This type of ¯ow is encountered in natural and technological
applications. Such applications include the growth of crystals, solar energy systems,
welding processes, thermal insulations, etc. [1±5]. Most of the analytical and nu-
merical studies presented in the literature are based on the combined heat and mass
transfer natural convection in enclosures with ®xed walls. A comprehensive review of
the natural convection due to combined thermal and solutal driving forces was
conducted by Ostrach [6]. Ranganathan and Viskanta [7] investigated both analy-
tically and numerically natural convection in a two-dimensional square cavity ®lled
with a binary gas due to combined temperature and concentration gradients. The
analysis indicated that the velocities at the vertical walls were inversely proportional
to the concentration parameter. Trevisan and Bejan [8] investigated numerically and
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analytically the phenomenon of natural convection caused by combined temperature
and concentration buoyancy e� ects in a rectangular enclosure with uniform heat and
mass ¯uxes applied along the vertical walls.

Double-di� usive natural convection in a ¯uid-saturated porous medium has
received considerable attention in a wide variety of applications such as food pro-
cessing, geophysical systems, contaminant transport in groundwater, and grain
storage. Trevisan and Bejan [9] investigated natural convection with combined heat
and mass transfer buoyancy e� ects in a porous medium subjected to constant
temperature and adiabatic wall conditions using Darcy’s relation. The numerical
results were conducted for a range of Darcy-Rayleigh number, Lewis number, and
buoyancy ratio. For many practical engineering applications, Darcy’s law is not
valid, and boundary and inertial e� ects need to be accounted for. Chen and Chen
[10] considered double-di� usive ®ngering convection in a porous medium. The
Darcy equation including Brinkman and Forchheimer terms to account for viscous
and inertia e� ects was used for the momentum equation. Karimi et al. [11] conducted
a numerical analysis of double-di� usive convection in a square cavity ®lled with a
porous medium for various pertinent controlling parameters. Non-Darcian e� ects
were analyzed through investigating the average heat and mass transfer rates. The
results of that investigation showed that the inertial and boundary e� ects have a

NOMENCLATURE

A aspect ratio, ( ˆ L=H)
Bic solutal Biot number …ˆ hcH=D†
c speci®c heat at constant pressure

C0 concentration

C normalized concentration

‰ˆ C0 ¡ C0
C

¡ ¢
= C0

H ¡ C0
C

¡ ¢
Š

D di� usion coe� cient

Da Darcy number ( ˆ K=H2)

F geometric function

g gravitational acceleration vector
GrC solutal Grashof number

…ˆ gbC DC0H3=n2†
GrT Grashof number …ˆ gbT DTH3=n2†
H cavity height

hc convective mass transfer coe� cient

k thermal conductivity

K permeability

L cavity width

N buoyancy ratio, ˆ bC DC0

bT DT
ˆ GrC

GrT

± ²

Nu Nusselt number

Pe Peclect number …ˆ UoH=a†
Pr Prandtl number …ˆ n=a†
Ri Richardson number …ˆ Gr=Re2†
Re Reynolds number …ˆ UoH=n†
Sc Schmidt number …ˆ n=D†
Sh Sherwood number

t time

T temperature

Uo top wall velocity

U, V dimensionless interstitial velocity

components

u, v interstitial velocity components

v interstitial velocity vector

x, y Cartesian coordinates

X, Y dimensionless coordinates

a thermal di� usivity

bT thermal expansion coe� cient

bC solutal expansion coe� cient

e porosity

y dimensionless temperature

‰ˆ …T ¡ TC†=…TH ¡ TC†Š
n kinematic viscosity

r density

s capacity ratio

fˆ ‰e…rc†f ‡ …1 ¡ e†…rc†sŠ=…rc†fg
t dimensionless time …ˆ tUo=H†
c stream function

C dimensionless stream function

…ˆ c=HUo†
o dimensionless vorticity …ˆ OH=Uo†
O vorticity

Subscripts

f ¯uid

H hot

L cold

s solid
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signi®cant e� ect on the double-di� usive convection. Goyeau et al. [12] performed a
numerical study on double-di� usive natural convection in a porous cavity using the
Darcy-Brinkman formulation. Their numerical results for mass transfer were in
excellent agreement with the scaling analysis over a wide range of the controlling
parameters, while their heat transfer results showed that the boundary-layer analysis
was not a suitable method to predict the correct scales for heat transfer in the same
domain. The Darcy model with the Boussinesq approximation was used by Mamou
et al. [13] to study soluble-di� usive natural convection in an inclined porous layer
subject to transverse gradients of heat and solute. A wide range of controlling
parameters was investigated in this study. A good agreement was observed between
the analytical predictions and the numerical simulations.

Mixed-convection ¯ow and heat transfer in enclosures has received an impetus
in recent years because several applications of practical interest can be found in some
industrial processes such as food processing and ¯oat glass production [14]. Prasad
and Kose� [15] conducted an experimental study of a recirculating mixed-convection
¯ow in a cavity ®lled with water. For the range of governing parameters studied,
their results indicated that the overall heat transfer rate was a very weak function of
the Grashof number for the range of Reynolds number examined. The e� ects of the
Prandtl number on laminar mixed-convection heat transfer in a lid-driven cavity
were considered numerically by Moallemi and Jang [16]. Their numerical simulations
revealed that the in¯uence of the buoyancy on the ¯ow and heat transfer inside
cavities was found to be more pronounced for higher values of Prandtl number.
Later, Iwatsu et al. [17] studied numerically mixed-convection heat transfer in a
driven cavity with a stable vertical temperature gradient. Their results showed that
the ¯ow features are similar to those of a conventional driven-cavity of a non-
strati®ed ¯uid for small values of Richardson number. Also, it was found that when
the Richardson number is very high, much of the middle and bottom portions of the
cavity interior are stagnant. Recently, Khanafer and Chamkha [18] investigated la-
minar, mixed-convection ¯ow in an enclosure ®lled with a Darcian ¯uid-saturated
uniform porous medium in the presence of internal heat generation. Their results
showed that the heat transfer mechanisms and the ¯ow characteristics inside the
cavity were strongly dependent on the Richardson number. Moreover, the presence
of the internal heat-generation e� ect in the model was found to have signi®cant
in¯uence on the features of the isotherms and slight e� ects on the streamlines for
small values of the Richardson number.

Heat and mass transfer in lid-driven enclosures have received less attention in
the literature. In drying technology, better understanding of the drying process is
vital for optimum performance of the drying chamber [19]. Alleborn et al. [19] in-
vestigated a two-dimensional ¯ow accompanied by heat and mass transport in a
shallow lid-driven cavity with a moving heated lid and a moving cooled lid. Their
results showed that the drying rates were enhanced by increasing the web velocity
and become increasingly independent of the gravity orientation because of the
dominance of forced convection.

To the best knowledge of the present authors, no attention has been paid to the
problem of double-di� usive mixed-convection ¯ow in a lid-driven enclosure ®lled
with a ¯uid-saturated porous medium. The present study is focused on the analysis
of heat and mass transfer in a square enclosure using the generalized model of the
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momentum equation. Moreover, a wide range of the pertinent parameters such as
the Reynolds number, Richardson number, Lewis number, Buoyancy ratio, and the
Darcy number is considered in the present study to show the signi®cance of these
parameters on the heat and mass transfer processes.

PROBLEM DEFINITION

Consider a two-dimensional enclosure of height H and width L ®lled with a ¯uid-
saturated porous medium as shown in Figure 1. The e� ect of the heat conduction in
the solid walls is assumed to be negligible. The vertical walls are assumed to be in-
sulated, nonconducting, and impermeable to mass transfer. The ¯uid in the enclosure is
Newtonian, incompressible, and laminar. The porous medium is assumed to be iso-
tropic, homogeneous, and in thermodynamical equilibrium with the ¯uid. The e� ects
of Soret (thermal di� usion) and Dufour (di� usion thermo) are neglected in the present
study. The top wall, moving at a constant velocity Uo, is kept at high temperature and
concentration (TH and C0

H) while the horizontal wall is kept at low temperature and
concentration (TL and C0

L). The thermophysical properties of the ¯uid are assumed to
be constant except the density variation in the buoyancy force, which is approximated
according to the Boussinesq approximation. This variation, due to both temperature
and concentration gradients, can be described by the following equation:

r ˆ ro 1 ¡ bT T ¡ TL… † ¡ bC C0 ¡ C0
L

¡ ¢£ ¤
…1†

where bT and bC are the coe� cients for thermal and concentration expansions,
respectively:

bT ˆ ¡ 1

ro

qr

qT

³ ´

P;C

bC ˆ ¡ 1

ro

qr

qC0

³ ´

P;T

…2†

Figure 1. Sketch of the cavity and coordinate system.

468 K. KHANAFER AND K. VAFAI



In accordance with the problem description, the initial and boundary condi-
tions are presented as

u ˆ v ˆ 0 T ˆ 0 C0 ˆ 0 for t ˆ 0 …3a†

u ˆ Uo; v ˆ 0 at y ˆ H 0 µ x µ L

u ˆ v ˆ 0 at y ˆ 0 0 µ x µ L

u ˆ v ˆ 0 at x ˆ 0; L 0 µ y µ H

3

775 for t > 0 …3b†

qT

qx
ˆ qC0

qx
ˆ 0 at x ˆ 0; L and 0 µ y µ H

T ˆ TL; C0 ˆ CL at y ˆ 0; 0 µ x µ L

T ˆ TH; C0 ˆ CH at y ˆ H; 0 µ x µ L

9
>>>=

>>>;
for t > 0 …3c†

Upon performing transforming the governing equations into the vorticity±stream
function formulation, and incorporating the following dimensionless parameters,

X ˆ x

H
Y ˆ y

H
t ˆ tUo

H
U ˆ u

Uo

V ˆ v
Uo

o ˆ OH

Uo
C ˆ c

HUo
y ˆ T ¡ TL

TH ¡ TL

C ˆ C0 ¡ C0
L

C0
H ¡ C0

L

9
>>>=

>>>;
…4†

we arrive at

e
qo

qt
‡ U

qo

qX
‡ V

qo

qY
ˆ e

Re

q2o

qX2
‡ q2o

qY2

³ ´
¡ e2

Da Re
o ¡ Fe2

������
Da

p vj jo

‡
Fe2

������
Da

p U
q vj j
qY

¡ V
q vj j
qX

³ ´
‡ e2 GrT

Re2

qy

qX
‡ N

qC

qX

³ ´
…5†

q2C

qX2
‡ q2C

qY2

³ ´
ˆ ¡o …6†

s
qy

q t
‡ U

qy

qX
‡ V

qy

qY
ˆ 1

Re Pr

q2y

qX2
‡ q2y

qY2

³ ´
…7†

e
qC

q t
‡ U

qC

qX
‡ V

qC

qY
ˆ

1

Re Sc

q2C

qX2
‡ q2C

qY2

³ ´
…8†

where Re ˆ UoH=n is the Reynolds number, GrT ˆ gbT TH ¡ TL… †H3=n2 is the
thermal Grashof number, Sc ˆ n=D is the Schmidt number, Pr ˆ n=a is the Prandtl
number, s ˆ ‰e…rcp†f ‡ 1 ¡ e… †…rcp†sŠ=…rcp†f is the speci®c heat ratio,
N ˆ …bC DC0†=…bT DT† ˆ GrC=GrT is the buoyancy ratio, GrC ˆ gbC…C0

H ¡ C0
L†H3=

n2 is the solutal Grashof number, F ˆ 1:75
�����������������
U2 ‡ V2

p¡ ¢
=

��������
150

p
e1:5 is the porous
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medium inertia coe� cient, and Da ˆ k=H2 is the Darcy number. The aspect ratio of
the enclosure is A ˆ L=H. The average heat and mass ¯uxes at the walls are re-
presented in dimensionless forms by the average Nusselt and Sherwood numbers:

Nu ˆ
1

A

Z A

0

qy

qY

³ ´

Yˆ0

dX and Sh ˆ
1

A

Z A

0

qC

qY

³ ´

Yˆ0

dX …9†

NUMERICAL METHOD

The governing equations (5)±(8) were descretized using the ®nite-volume
approach [20]. A brief description of the numerical approach is presented here.
The governing equations can be represented by a general di� erential equation as
follows:

df
qf

qt
‡ q

qX
Uf ¡ Gf

qf

qX

³ ´
‡ q

qY
Vf ¡ Gf

qf

qY

³ ´
ˆ SSf …10†

where f stands for either o, y, or C, with

df ˆ e Go ˆ e

Re
SSo ˆ Fe2

������
Da

p U
q vj j
qY

¡ V
q vj j
qX

³ ´

¡ Fe2

������
Da

p vj jo ¡ e2

Da Re
o ‡ e2Ri

qy

qX
‡ N

qC

qX

³ ´
…11a†

dy ˆ 1:0 Gy ˆ 1

Pe
SSy ˆ 0 …11b†

dC ˆ e GC ˆ 1

Re Sc
SSC ˆ 0 …11c†

The transient ®nite-di� erence equations, Eqs. (5), (7), and (8), were solved
using an alternating direct implicit algorithm (ADI) in conjunction with the power-
law technique [20]. In addition, a false transient accelerator was implemented to
expedite the convergence rate of the solution toward steady-state condition. Fur-
thermore, the successive overrelaxation method (SOR) was applied to solve for the
¯ow kinematics, as described by Eq. (6).

The vorticity on the boundaries is presented from its de®nition in terms of the
primitive velocity variables as

oi;1 ˆ ¡4 Ui;2‡Ui;3… †
2 DY oi;N ˆ ¡3Uo‡4Ui;N¡1¡Ui;N¡2… †

2 DY

o1; j ˆ 4V2;j¡V3;j… †
2 DX oM; j ˆ ¡4VM¡1;j‡VM¡2;j… †

2 DX

9
>=

>;
…12†

The convergence criteria require that the absolute value of the residual for the
vorticity, concentration, and temperature be less than 10¡6. To test and assess grid
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independence of the solution scheme, many numerical experiments were performed
as shown in Figure 2. These experiments showed that an equally spaced grid mesh of
81681 is adequate to describe the ¯ow and heat and mass transfer processes cor-
rectly. Further increase in the number of grid points produced essentially the same
results. The validation of the numerical code was performed against the work of
Weaver and Viskanta [21] in the absence of porous medium as shown in Figure 3. It
can be seen from this ®gure that the solution of the present numerical code is in
excellent agreement with the numerical and experimental results of Weaver and
Viskanta [21] for Grashof numbers of GrT ˆ 5:88 £ 105; 9:31 £ 105 and buoyancy
ratios of N ˆ 0.55, 71.85. Excellent agreement was found between the minimum and
maximum values of the stream function of the present results and the numerical
results of Weaver and Viskanta [21] as shown in Table 1. Moreover, the present
numerical code was also validated against the results of Nithiarasu et al. [22] for
double-di� usive natural convection in an enclosure ®lled with ¯uid-saturated porous
medium for various Biot numbers as shown in Figure 4. It can be seen from the
comparison that both solutions are in excellent agreement. Table 2 con®rms this
agreement between the two solutions. An additional check on the accuracy of the
present results was conducted against the results of Karimi et al. [11] for double-
di� usive natural convection in a square cavity ®lled with a porous medium. Table 3
shows a comparison of the variations of the average Nusselt number (or the average
Sherwood number) for the generalized model of the momentum equation at various
Darcy numbers. Both results were found to be in very good agreement.

DISCUSSION AND RESULTS

The numerical code used in the present investigation has been used to carry out
a number of simulations for a wide range of controlling parameters such as buoy-
ancy ratio, Reynolds number, Darcy number, and Lewis number. The range of the
buoyancy number N for this investigation was varied in the range 71,500 µ N µ 500.
The range of the Reynolds number used in this study was 50 µ Re µ 500, Darcy
number was 10¡4 µ Da µ 10¡1, and Lewis number was 1 µ Le µ 20. The other
parameters were kept constant: The aspect ratio of the enclosure (A ˆ 1), speci®c
heat ratio s ˆ 1… †, Schmidt number (Sc ˆ 1), thermal Grashof number GrT ˆ 102

¡ ¢
,

and the porosity of the porous medium was assumed constant e ˆ 0:95… †.
Figure 5 shows the e� ect of the buoyancy ratio on the streamlines as well as on

the isotherms for a wide range of variations in this ratio. It can be seen from Figure 5
that as the buoyancy ratio increases, the mechanical e� ect of the sliding lid is
overwhelmed by the combined e� ect of the buoyancy forces. Therefore, for very
large values of buoyancy ratios, the ¯ow is almost stagnant in the bulk of the interior
part of the cavity except at the portions close to the sliding top wall as shown in
Figure 5. As the buoyancy ratio increases, for a Lewis number of unity, the e� ective
Richardson number R¤

i ˆ …1 ‡ N†…GrT=Re2† increases signi®cantly and, as a result,
the temperature strati®cation is substantially linear in the stagnant bulk of the in-
terior regions. Thus, the overall heat transfer is mostly transferred by conduction in
the middle and bottom parts of the enclosure except in a relatively small region close
to the top surface, where the induced convective activities are appreciable.
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Figure 2. Velocity and temperature pro®les at midsections of the cavity for various mesh sizes at Re ˆ 250

and Da ˆ 0.1.
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Figure 3. Comparison of streamlines between the present numerical solution and those of Weaver and

Viskanta [21].
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For negative values of the buoyancy ratio …N < 0†, as shown in Figure 6, the
solutal buoyancy is acting in the same direction to the lid-driven wall, which causes
the central vortex (vortex with clockwise rotation) to rotate at high velocity. This
e� ect is more pronounced at high buoyancy ratio as a result of predominant in¯u-
ence of the solutal buoyancy. This implies that, due to the vigorous actions of me-
chanical e� ect of the lid-driven wall and the e� ect of the solutal buoyancy, ¯uids are
well mixed and, consequently, the temperature gradients are weak in the bulk of the
cavity except for the zones close to the bottom surface, which points to the existence
of steep temperature gradients as depicted in Figure 6. This is con®rmed in Figure 6,
which indicates the variations of the temperature and velocity pro®les at the mid-
sections of the cavity for various buoyancy ratios. For high negative values of
buoyancy ratio, the temperature di� erences in much of the interior region of the
cavity are very small except at zones close to the lid-driven wall and the bottom
surface. Moreover, Figure 7 shows that the horizontal velocity is overshooting near
the top wall for high negative buoyancy ratio N ˆ ¡1500… †, which is caused by the
combined e� ects of the lid-driven wall and the solutal buoyancy. This e� ect is clearly
noticeable with respect to the vertical velocity component along the centerline of the
cavity for higher negative values of the buoyancy ratio.

The e� ect of the variation of Reynolds number on the streamlines and iso-
therms is shown in Figure 8. It can be seen from this ®gure that as the Reynolds
number increases, the gross ¯ow features are similar to those of a lid-driven en-
closure, where the buoyancy e� ect is overwhelmed by the mechanical e� ect of the
sliding lid. The ¯uid ¯ow is characterized by a primary recirculating eddy of the size
of the enclosure generated by the moving lid and minor eddies near the bottom
corners. For small value of Reynolds number, Re ˆ 50, Figure 8 illustrates that the
isotherms are nearly parallel to the horizontal wall, indicating that a quasi-con-
duction region is reached except near the top moving wall, where the mechanical
e� ect of the moving wall is noticeable. For a large value of Reynolds number,
Re ˆ 500, the mechanical e� ect of the top moving wall is dominant and the tem-
perature gradients are very small in most of the interior region of the cavity due to
the fact that the ¯uid is well mixed within the interior region. Moreover, Figure 8
shows that as the Reynolds number increases, the thermal boundary layer is thinner
near the bottom surface, which indicates steep temperature gradients in the vertical
direction.

The e� ect of the presence of the porous medium on the streamlines and iso-
therms is shown in Figure 9 for various Darcy numbers. Consider a case of equal
thermal and solutal Grashof numbers …GrT ˆ GrC ˆ 102† and Lewis number of
unity. It can be seen from this ®gure that as the Darcy number decreases, the

Table 1. Comparison of minimum and maximum values of the stream function between the present results

and those of Weaver and Viskanta [21]

Present Weaver and Viskanta [21] Difference (%)

(Gr ˆ 5:88 £ 105 & N ˆ 0:55)

Cmin 70.0289 70.028 3.11

(Gr ˆ 9:31 £ 105 & N ˆ ¡1:85)

Cmax 0.0253 0.025 1.18
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microscopic drag force increases, which suppresses the buoyancy forces and conse-
quently decreases the heat and mass transfer rates. Figure 9 shows that as the Darcy
number decreases, the dynamic boundary layers are thinner close to the top moving

Figure 4. Comparison of streamlines, isotherms, and isoconcentrations between the present numerical

results and those of Nithiarasu et al. [22] for di� erent Biot numbers.
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wall, resulting in high ¯uid ¯ow velocity in the horizontal direction and consequently
high viscous forces near the top moving wall. For very small values of Darcy
numbers, the ¯uid experiences a pronounced large resistance as it ¯ows through the
porous matrix, causing the ¯ow to cease in the bulk of the cavity. In this situation,
the convective heat transfer mechanism is almost suppressed and the isotherms are
almost parallel to the horizontal wall, indicating a pure-conduction regime in the
bulk of the enclosure except near the top wall, where the e� ect of the lid-driven wall
is signi®cant.

The e� ect of the buoyancy ratio on the streamlines, isotherms, and iso-
concentration contours for high Lewis number is shown in Figure 10. It can be seen
from this ®gure that the isotherms are almost parallel to the horizontal wall for all
values of the buoyancy ratios, indicating that most of the heat transfer is carried out
by heat conduction. This due to an increase in the thermal boundary-layer thickness
as the Lewis number increases. Moreover, Figure 10 clearly shows that the iso-
concentration contours are enhanced for high Lewis number and small values of
buoyancy ratio. As mentioned before, as the Lewis number increases, the solutal
boundary-layer thickness decreases and consequently enhances thermosolutal ac-
tivities in the enclosure. As the buoyancy ratio increases for high Lewis number,
mass transfer is inhibited as shown in Figure 10 except at the top wall, where the
mechanical e� ect of the lid-driven wall is signi®cant. At low buoyancy ratio, the
entire enclosure is in¯uenced by the ¯ow structure and as the buoyancy ratio in-
creases the boundary-layer thickness becomes thinner. This change in the ¯ow
structure for high buoyancy ratio has a signi®cant in¯uence on the concentration

Table 2. Comparison of maximum values of the stream function and minimum values of temperature and

concentration between the present results and those of Nithiarasu et al. [22]

Present Nithiarasu et al. [22] Difference (%)

(Daˆ 10¡2, Raˆ 104, e ˆ 0:6, BiT ˆ 1, Pr ˆ Sc ˆ 1 and N ˆ 1)

(BiC ˆ 1:0)

jCmaxj 2.041 2.042 0.049

Tmin 0.5089 0.504 0.96

cmin 0.5089 0.504 0.96

(BiC ˆ 200)

jCmaxj 2.846 2.854 0.281

Tmin 0.5412 0.538 0.59

cmin 0.0021 0.002 4.76

Table 3. Comparison of average Nusselt number (or average Sherwood number) between the present

results and those of Karimi et al. [11] (Pr ˆ Sc ˆ 1 and GrT ˆGrC ˆ 105)

Present Karimi et al. [11]

Da Nu (or Sh) Nu (or Sh) Difference (%)

107 2 5.43 5.45 0.36

107 3 3.54 3.63 2.54

107 4 1.24 1.26 1.6
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Figure 5. E� ect of positive buoyancy ratio values on the streamlines and isotherms for Re ˆ 100, Le ˆ 1,

and Da ˆ 0.1.
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Figure 6. E� ect of negative buoyancy ratio values on the streamlines and isotherms for Re ˆ 100, Le ˆ1,

and Da ˆ 0.1.
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Figure 7. E� ect of buoyancy ratio on the temperature and velocity pro®les at midsections of the cavity for

Re ˆ 100, Le ˆ 1, and Da ˆ 0.1.
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Figure 8. E� ect of Reynolds number on the streamlines and isotherms for Le ˆ 1, Da ˆ 0.1, and Grashof

number GrT ˆ 102.
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Figure 9. E� ect of Darcy number on the streamlines and the isotherms contours for Leˆ 1.0 and

Re ˆ 500.
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Figure 10. E� ect of buoyancy ratio on the streamlines, isotherms, and isoconcentrations for various

buoyancy ratios and Re ˆ 100, Le ˆ 20, and Da ˆ 107 1.
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®eld, which increasingly builds up a vertical strati®cation except near the top wall of
the enclosure. This vertical strati®cation corresponds to minimum heat and mass
transfer rates.

The e� ect of the Darcy number on the streamlines, isotherms, and iso-
concentration contours for a high Lewis number (Le ˆ 10) and a Richardson
number of …Ri ˆ GrT=Re2 ˆ 4 £ 10¡4† is shown in Figure 11. It is seen that as the
Lewis number increases (Le ˆ 10), the isotherm distribution is conduction domi-
nated except near the top surface. Moreover, the Richardson number provides a
measure of the importance of the thermal natural convection relative to the
lid-driven forced convection. For very small values of Richardson number, the
buoyancy e� ect is overwhelmed by the lid-driven top wall, resulting in a vertical
strati®cation inside the enclosure. The e� ect of Darcy number on the iso-
concentration contours is illustrated in Figure 11. This e� ect is more pronounced at

Figure 11. E� ect of Darcy number on the streamlines, isotherms, and isoconcentrations for Re ˆ 500,

Pr ˆ 0.1, Sc ˆ 1.0, and GrT ˆGrC ˆ 102.
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very small values of the Darcy number, where the isoconcentration contours are
parallel to the horizontal surface except near the top surface. This can be attributed
to the lid-driven forced convection and the relatively high Lewis number. For high
Lewis numbers, the solutal boundary-layer thickness decreases, resulting in higher
concentration rates.

Finally, the e� ect of the buoyancy ratio on the average Nusselt number (or
average Sherwood number) at the bottom surface of the enclosure is shown in
Figure 12. This ®gure shows that as the buoyancy ratio increases, the average
Nusselt number (or the Sherwood number) decreases and approaches unity for
higher positive values of the buoyancy ratio. However, for negative values of the
buoyancy ratio, the average Nusselt number (or average Sherwood number) in-
creases signi®cantly for higher negative values of the buoyancy ratios. This can be
attributed to the combined e� ect of the moving wall and the solutal buoyancy force,
which enhances the thermal activity within the enclosure.

CONCLUSIONS

Double-di� usive mixed convection in a square enclosure ®lled with a porous
medium in the presence of moving boundary was formulated and solved numeri-
cally. The ®nite-volume approach was employed along with the alternating direction
implicit scheme for the present investigation. The in¯uence of the buoyancy ratio,
Lewis number, Reynolds number, and Darcy number on heat and mass transfer
processes was analyzed. The results showed that the heat transfer mechanism and the
¯ow characteristics inside the cavity are strongly dependent on the Richardson

Figure 12. E� ect of buoyancy ratio on the average Nusselt number (or average Sherwood number) for

Le ˆ 1 and Re ˆ 100.
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number. The results also illustrated signi®cant suppression of the convective currents
for higher values of the Lewis number in the presence of a porous medium. More-
over, the results showed noticeable enhancement in the thermal activities inside the
enclosure for higher negative values of the buoyancy ratio.

REFERENCES

1. J. P. Coulter and S. I. Guceri, Laminar and Turbulent Natural Convection in Solar
Energy Applications, in Solar Energy Utilization, Proc. NATO Advanced Study Institute,

pp. 303±333, Martinus Nijho� , Dordrecht, The Netherlands, 1987.

2. T. Nishimura, T. Imoto, and H. Miyashita, Occurrence and Development of Double-
Di� usive Convection During Solidi®cation of a Binary System, Int. J. Heat Mass

Transfer, vol. 37, pp. 1455±1464, 1994.

3. B. I. Makham and F. Rosenberger, Di� usive Convection Vapor Transport Across Hor-
izontal and Inclined Rectangular Enclosures, J. Crystal Growth, vol. 67, pp. 241±254,

1984.

4. T. L. Bergman, F. P. Incropera, and R. Viskanta, Correlation of Mixed Layer Growth in
a Double-Di� usive, Salt-Strati®ed System Heated from Below, J. Heat Transfer, vol. 108,

pp. 206±211, 1986.

5. J.-O. Carlsson, Processes in Interfacial Zones During Chemical Vapor Deposition: As-
pects of Kinetics, Mechanisms, Adhesion and Substrate Atom Transport, Thin Solid

Films, vol. 130, pp. 261±282, 1985.

6. S. Ostrach, Natural Convection with Combined Driving Forces, PhysicoChem. Hydro-
dynam., vol. 1, pp. 233±247, 1980.

7. P. Ranganathan and R. Viskanta, Natural Convection in a Square Cavity Due to

Combined Driving Forces, Numer. Heat Transfer, vol. 14, pp. 35±59, 1988.
8. O. V. Trevisan and A. Bejan, Combined Heat and Mass Transfer by Natural Convection

in a Vertical Enclosure, J. Heat Transfer, vol. 109, pp. 104±112, 1987.

9. O. V. Trevisan and A. Bejan, Natural Convection with Combined Heat and Mass
Transfer Buoyancy E� ects in a Porous Medium, Int. J. Heat Mass Transfer, vol. 28, pp.

1597±1611, 1985.

10. F. Chen and C. F. Chen, Double-Di� usive Fingering Convection in a Porous Medium,
Int. J. Heat Mass Transfer, vol. 36, pp. 793±807, 1993.

11. M. Karimi-Fard, M. C. Charrier-Mojtabi, and K. Vafai, Non-Darcian E� ects on

Double-Di� usive Convection Within a Porous Medium, Numer. Heat Transfer A, vol. 31,
pp. 837±852, 1997.

12. B. Goyeau, J.-P. Songbe, and D. Gobin, Numerical Study of Double-Di� usive Natural

Convection in a Porous Cavity Using the Darcy-Brinkman Formulation, Int. J. Heat
Mass Transfer, vol. 39, pp. 1363±1378, 1996.

13. M. Mamou, P. Vasseur, E. Bilgen, and D. Gobin, Double-Di� usive Convection in an

Inclined Slot Filled with Porous Medium, Eur. J. Mech. B=Fluids, vol. 14, pp. 629±652,
1995.

14. L. A. B. Pilkington, Review Lecture: The Float Glass Process, Proc. R. Soc. Lnd. IA,

vol. 314, pp. 1±25, 1969.
15. A. K. Prasad and J. R. Kose� , Combined Forced and Natural Convection Heat Transfer

in a Deep Lid-Driven Cavity Flow, in Heat Transfer in Convective Flows, HTD-107,

pp. 155±162 ASME, New York, 1989.
16. M. K. Moallemi and K. S. Jang, Prandtl Number E� ects on Laminar Mixed Convection

Heat Transfer in a Lid-Driven Cavity, Int. J. Heat Mass Transfer, vol. 35, pp. 1881±1892,

1992.

MIXED CONVECTION IN A LID-DRIVEN ENCLOSURE 485

http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0017-9310^281994^2937L.1455[aid=753558]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-0248^281984^2967L.241[aid=3050034]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0040-6090^281985^29130L.261[aid=3050036]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-1481^281987^29109L.104[aid=3050038]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0017-9310^281985^2928L.1597[aid=753228]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0017-9310^281993^2936L.793[aid=3050039]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1040-7782^281997^2931L.837[aid=753311]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0017-9310^281996^2939L.1363[aid=753230]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0017-9310^281992^2935L.1881[aid=2234667]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0017-9310^281994^2937L.1455[aid=753558]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-0248^281984^2967L.241[aid=3050034]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0040-6090^281985^29130L.261[aid=3050036]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0017-9310^281985^2928L.1597[aid=753228]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1040-7782^281997^2931L.837[aid=753311]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0017-9310^281996^2939L.1363[aid=753230]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0017-9310^281992^2935L.1881[aid=2234667]


17. R. Iwatsu, J. M. Hyun, and K. Kuwahara, Mixed Convection in a Driven Cavity with a

Stable Vertical Temperature Gradient, Int. J. Heat Mass Transfer, vol. 36, pp. 1601±1608,
1993.

18. K. Khanafer and A. J. Chamkha, Mixed Convection Flow in a Lid-Driven Enclosure

Filled with a Fluid-Saturated Porous Medium, Int. J. Heat Mass Transfer, vol. 42,
pp. 2465±2481, 1998.

19. N. Alleborn, H. Raszillier, and F. Durst, Lid-Driven Cavity with Heat and Mass
Transport, Int. J. Heat Mass Transfer, vol. 42, pp. 833±853, 1999.

20. S. V. Patankar, Numerical Heat Transfer and Fluid Flow, Hemisphere, Washington, DC,

1980.
21. J. A. Weaver and R. Viskanta, Natural Convection in Binary Gases Due to Horizontal

Thermal and Solutal Gradients, J. Heat Transfer, vol. 113, pp. 141±147, 1991.

22. P. Nithiarasu, K. N. Seetharamu, and T. Sundarajan, Double-Di� usive Natural Con-
vection in an Enclosure Filled with Fluid-Saturated Porous Medium: A Generalized Non-

Darcy Approach, Numer. Heat Transfer A, vol. 30, pp. 413±426, 1996.

486 K. KHANAFER AND K. VAFAI

http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0017-9310^281993^2936L.1601[aid=2234671]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0017-9310^281998^2942L.2465[aid=3050040]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0017-9310^281999^2942L.833[aid=3050041]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-1481^281991^29113L.141[aid=3050042]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1040-7782^281996^2930L.413[aid=1929479]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0017-9310^281993^2936L.1601[aid=2234671]
http://ninetta.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0017-9310^281998^2942L.2465[aid=3050040]

