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HYDROMAGNETIC COM BINED CONVECTION FLOW IN A
VERTICAL LID-DRIVEN CAVITY WITH INTERNAL HEAT
GENERATION OR ABSORPTION
Ali J. Chamkha
Department of Mechanical Engineering, Kuwait University, Safat, Kuwait
The problem of unsteady, laminar, combined forced-free convection  ow in a square
cavity in the presence of internal heat generation or absorption and a magnetic  eld is
formulated. Both the top and bottom horizontal walls of the cavity are insulated while
the left and right vertical walls are kept at constant and different temperatures. The left
vertical wall is moving in its own plane at a constant speed while all other walls are
 xed. A uniform magnetic  eld is applied in the horizontal direction normal to the
moving wall. A temperature-dependent heat source or sink is assumed to exist within the
cavity. The governing equations and conditions are solved numerically by the  nitevolume approach along with the alternating direct implicit (ADI) procedure. Two cases
of thermal boundary conditions corresponding to aiding and opposing  ows are considered. Comparisons with previously published work are performed and the results are
found to be in excellent agreement. A parametric study is conducted and a set of representative graphical results is presented and discussed to illustrate the in uence of the
physical parameters on the solution.

INTRODUCTION
Combined convection ¯ow and heat transfer in cavities has possible applications in many engineering, technological, and natural processes. This includes nuclear reactors, solar ponds [1], lakes and reservoirs [2], solar collectors [3], and crystal
growth [4]. Moreover, the ¯ow and heat transfer in a shear- and buoyancy-driven
cavity arises in industrial processes such as food processing and ¯oat glass
production [5].
Combined forced-free convective ¯ow in lid-driven cavities or enclosures
occurs as a result of two competing mechanisms. The ®rst is due to shear ¯ow
caused by the movement of one of the walls of the cavity while the second is
due to buoyancy ¯ow produced by thermal nonhomogeneity of the cavity
boundaries. Understanding of these mechanisms is of great signi®cance from
technical and engineering standpoints. This problem has been used extensively as
a benchmark case for the evaluation of numerical solution procedures for the
Navier±Stokes equations [6±11]. Kose and Street [12] studied experimentally as
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NOM ENCLATURE
Bo
cp
g
Gr
H
Ha2
k
Nu
P
Pr
Qo
Re
T
DT
t
u
U
Uc
Uo
v
V

magnetic induction, Tesla
¯uid speci®c heat, J=(kg. K)
gravitational acceleration, m=s2
Grashof number, gbD TH3 =n 2
cavity height, m
square of the Hartmann number,
s B2o H2 =m
¯uid thermal conductivity, W=(m. K.)
average Nusselt
R 1 number at the moving
wall, Nu = – 0 qy =qXdY
¯uid pressure, Pa.
Prandtl number, n =a
heat generation or absorption coe cient
Reynolds number, Uo H=n
temperature, ¯ C
temperature di erence, T H – TC
time, s
velocity in the x-direction, m=s
dimensionless x-component of velocity,
u=Uo
dimensionless velocity in the x-direction
at midwidth of cavity
lid velocity, m=s
velocity in the y-direction, m=s
dimensionless y-component of velocity,
v=Uo

Vc
W
x; y
X; Y
a
b
D
m
n
s
y
c
C
O
o
t
ro

dimensionless velocity in the y-direction
at midheight of cavity
cavity width, m
Cartesian coordinates, m
dimensionless Cartesian coordinates,
(x; y)=H
¯uid thermal di usivity, m2 =s
coe cient of thermal expansion
of ¯uid, K 7 1
dimensionless heat generation or
absorption coe cient, Qo H2 =ra cp
¯uid dynamic viscosity, Pa. s
¯uid kinematic viscosity, m=ro
¯uid electrical conductivity
dimensionless temperature,
(T – TC )=(TH – TC )
stream function, m2 =s
dimensionless stream function, c =HUo
dimensional vorticity, qv=q x – q u=q y
dimensionless vorticity, O H=Uo
dimensionless time, tUo =H
¯uid density at reference temperature TC

Subscripts
C
cold wall
H
hot wall

well as numerically the recirculation ¯ow patterns for a wide range of Reynolds
(Re) and Grashof (Gr) numbers. Their results showed that the three-dimensional
features, such as corner eddies near the end walls, and Taylor±Gortler-like
longitudinal vortices, have signi®cant e ects on the ¯ow patterns for low Res.
Both thermally stable and unstable lid-driven ¯ows inside enclosures were investigated numerically by Torrance et al. [13] for ®xed values of Res and Prs.
Their numerical results indicated that the Richardson number, which represents
the ratio of buoyancy to shear forces, is a controlling parameter for the problem.
Prasad and Kose [14] conducted an experimental investigation of recirculating
¯ow caused by combined forced and natural convection heat transfer in a deep
lid-driven cavity ®lled with water. For the range of the governing parameters
studied, their results indicate that the overall heat transfer rate is a very weak
function of the Gr for the examined range of the Re. The e ects of the Prandtl
number (Pr) on laminar mixed convection heat transfer in a lid-driven cavity
were studied numerically by Moallemi and Jang [4]. Their numerical simulations
revealed that the in¯uence of the thermal buoyancy force on the ¯ow and heat
transfer inside cavities is predicted to be more pronounced for higher values of
the ¯uid’s Pr. Later on, Iwatsu et al. [15] analyzed 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 nonstrati®ed ¯uid for small values of the Richardson number.
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Also, it was found that for high values of the Richardson number, much of the
¯uid in both the middle and bottom portions of the cavity interior is stagnant.
Khanafer and Chamkha [16] examined numerically mixed convection ¯ow in a
lid-driven enclosure ®lled with a ¯uid-saturated porous medium and reported on
the e ects of the Darcy and Richardson numbers on the ¯ow and heat transfer
characteristics. Recently, Aydin [17] investigated aiding and opposing mechanisms of mixed convection in a shear- and buoyancy-driven cavity and determined
the range of the Richardson number for the forced-mixed-free convection regimes.
In recent years, there has been considerable interest in studying the in¯uence of magnetic ®elds on the ¯uid ¯ow dynamics and performance of various
systems or processes employing electrically conducting ¯uids. For example,
magetic ®elds have been used in crystal growth processes. Oreper and Szekely [18]
found that the presence of a magnetic ®eld can suppress natural convection currents and that the strength of the magnetic ®eld is one of the important factors
in determining the quality of the crystal. Ozoe and Maruo [19] investigated magnetic and gravitational natural convection of melted silicon two-dimensional
numerical computations for the rate of heat transfer. Garandet et al. [20] and
Alchaar et al. [21] studied natural convection heat transfer in a rectangular enclosure with a transverse magnetic ®eld. The e ect of a magnetic ®eld on free
convection in a rectangular enclosure has been studied by Rudraiah et al. [22] and
Al-Najem et al. [23].
Convection heat transfer induced by internal heat generation has recently
received considerable attention because of numerous applications in geophysics
and energy-related engineering problems. Such applications include heat removal
from nuclear fuel debris, underground disposal of radioactive waste materials,
heat recovery from geothermal systems, particularly large storage systems of
agricultural products and foodstu , exothermic chemical reactions in packed-bed
reactors, electric current in a semiconducting ¯uid such as glass and electrolyte,
heating of ¯owing water in a solar collector, and radiative cooling of molten glass
in a forehearth (see, for instance, Kakac et al. [24] and Song [25]). Acharya and
Goldstein [26] studied numerically two-dimensional natural convection of air in
an externally heated vertical or inclined square box containing uniformly distributed internal energy sources. Their numerical results showed two distinct ¯ow
pattern systems depending on the ratio of the internal to the external Rayleigh
numbers. Also, it was found that the average heat ¯ux ratio along the cold wall
increased with increasing external Rayleigh numbers and decreasing internal
Rayleigh numbers. Churbanov et al. [27] studied numerically unsteady natural
convection of a heat generating ¯uid in a vertical rectangular enclosure with
isothermal or adiabatic rigid walls. Khanafer and Chamkha [28] considered hydromagnetic natural convection from an inclined porous square enclosure with
heat generation. They reported numerical results for various physical conditions.
These results were obtained using a control volume-based ®nite-di erence method
in the two-dimensional stream function-vorticity formulation. More recently, Das
and Sahoo [29] reported a pressure-velocity solution for natural convection for a
¯uid-saturated heat-generating porous medium in a square enclosure based on the
®nite-element method. It was observed that the peak temperature occurred at the
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top central part and weaker velocity prevailed near the vertical walls of the enclosure due to the heat generation e ect alone.
Motivated by previous works dealing with electrically conducting ¯uids in the
presence of a magnetic ®eld and=or a heat source or sink, the objective of the present
work is to examine the in¯uence of the Hartmann number, the heat generation or
absorption coe cient, the Reynolds number, and the Grashof number on the
characteristics of combined forced-free convection ¯ow inside a square cavity having
one of its vertical walls moving with a uniform speed. This will be done for two
di erent thermal boundary conditions corresponding to both aiding and opposing
¯ow situations.

PROBLEM FORM ULATION
Consider unsteady, laminar, combined convection ¯ow in a two-dimensional
square cavity of height H and width W (W = H) ®lled with an electrically conducting ¯uid that generates or absorbs heat at a rate determined by the temperature di erence between the ¯uid and the cold wall. The physical model and
coordinate system considered in this investigation are shown in Figure 1. Both the
top and bottom walls of the cavity are insulated while the left and the right walls

Figure 1. Schematic diagram of the physical system.

HYDROMAGNETIC FLOW IN A CAVITY

533

are maintained at constant and di erent temperatures, TH and TC , such that
TH > TC . The left wall of the cavity is allowed to move in its own plane at a
constant speed U o . Two cases of thermal boundary conditions for the left and right
walls are considered. The ®rst is when the moving wall is the cold wall at TC while
the nonmoving wall is the hot wall at TH (opposing ¯ow). The second case is the
opposite of the ®rst where the moving wall is maintained at the hot temperature
TH while the nonmoving vertical wall is kept at the cold temperature TC (aiding
¯ow). While the ¯uid is assumed to be electrically conducting, all walls of the
cavity are assumed to be electrically insulating. A uniform magentic ®eld is applied
in the horizontal direction normal to the moving wall. The magnetic Re is assumed
to be small so that the induced magnetic ®eld is neglected. The small magnetic Re
assumption uncouples the Navier±Stokes equations from Maxwell’s equations (see
Cramer and Pai [30]). No electric ®eld is present and the Hall e ect is neglected.
All ¯uid physical properties are assumed to be constant except the density variation in the body force term of the momentum equation according to the Boussinesq approximation. In addition, pressure work, viscous dissipation, and Joule
heating are all assumed to be negligible.
The governing equations of the problem under consideration are based on the
balance laws of mass, linear momentum, and energy modi®ed to account for the
presence of thermal buoyancy, magnetic ®eld, and the heat generation or absorption
e ects. Taking into consideration the above-mentioned assumptions, we can write
the dimensional form of these equations as
qu
qv
‡
= 0
qx
qy

(1)
³

1 qP
qu
qu
qu
q2u
q2u
‡ u
‡ v
= –
‡ n
‡
qt
qx
qy
r o qx
q x2
q y2
³

1 qP
qv
qv
qv
q2 v
q2v
‡ u
‡ v
= –
‡ n
‡
qt
qx
qy
ro qy
q x2
qy2
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qT
qT
‡ u
‡ v
=
qt
qx
qy

k
r o cp

³

´

q2T
q2 T
‡
q x2
q y2

´

‡ g b (T – TC ) –

´

‡

Qo
r o cp

(T – TC )

(2)

sB2o v
ro

(3)

(4)

where t is the time, and x and y are the coordinate directions. The variables u; v; P,
and T are the ¯uid velocity components in the x- and y-directions, pressure, and
temperature, respectively. The parameters b, s , k, n, r o , and cp are the ¯uid volumetric thermal expansion coe cient, electrical conductivity, thermal conductivity,
kinematic viscosity, ¯uid density, and the speci®c heat, respectively. The parameters
g, Bo and Qo are the acceleration due to gravity, magnetic induction, and the
volumetric internal heat generation (Qo > 0) or absorption (Qo < 0) coe cient,
respectively.
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The initial and boundary conditions for this problem can be written as follows:
9
u = v = 0 T = 0 at all x; y and t < 0 >
>
>
>
>
>
u = v = 0 on x = 0; W y = 0; H
>
>
>
>
>
>
q T = 0 on y = 0; H
>
>
>
qx
=
)
(5)
T = TC on x = 0
>
Case 1 for t ¶ 0 >
>
>
>
T = TH on x = W
>
>
>
)
>
>
>
T = TH on x = 0
>
>
Case 2 for t ¶ 0 >
>
;
T = TC on x = W

It is convenient to nondimensionalize Eqs. (1) through (5) using the following
dimensionless variables:
9
x
y
>
X =
Y=
>
>
>
H
H
>
>
>
u
v
>
>
U=
V=
>
=
Uo
Uo
(6)
T – TC
tUo >
>
y=
t=
>
TH – TC
H >
>
>
>
>
OH
c
>
>
;
o=
C =
Uo
HU o

where c and O are the dimensional stream function and vorticity, respectively.
De®ning the stream function c and the vorticity O (see the nomenclature
section) in the usual way and substituting Eqs. (6) into the previous governing
equations results in the following dimensionless equations:
o = –

U=

³

q2 C

qC
qY

1
qo
qo
qo
‡ U
‡ V
=
Re
qt
qX
qY

´

(7)

qC
qX

(8)

q2 C

‡
qX2
qY2

V= –
³

q2 o
q2 o
‡
qX2
q Y2

³

´

‡

Gr qy Ha2 q V
–
Re 2 q X Re q X

1
qy
qy
qy
q2 y
q2y
‡ U
‡ V
=
‡
2
Pr Re qX
qt
qX
qY
qY2

´

‡

D
y
PrRe

(9)

(10)

where Re = Uo H=n , Gr = gbD TH3 =n 2 , Ha2 = s B2o H2 =m , Pr = n=a , and
D = Qo H2 =ra cp (where DT = TH – TC and a = k=r Cp are the temperature di erence and the thermal di usivity, respectively) are the Re, Gr, square of the Hartmann number (Ha), Pr, and the dimensionless heat generation or absorption
coe cient, respectively.
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The dimensionless initial and boundary conditions of the problem under
consideration can be written as
U= V= C= y= 0
for t = 0
U= V= C= 0
on all boundaries
¼
y = 0 on X = 0
Case 1 for t > 0
y = 1 on X = 1
¼
y = 1 on X = 0
Case 2 for t > 0
y = 0 on X = 1

(11)

Equations (9) and (10) governing o and y can be cast in the general canonical
form (see Patankar [31]) as
µ

¶

µ

¶

qf
q
qf
q
qf
‡
Uf – G f
‡
Vf – G f
= Sf
qt qX
qX
qY
qY

(12)

where f stands for o or y and G f and Sf are given by
Gy =
Go =

1
Re

1
PrRe
So =

Sy =

D

PrRe

Gr qy Ha2 q V
Re2 q X Re q X

(13)

The average Nusselt number at the moving wall of the cavity based on the
conduction contribution may be expressed as
Z 1
qy
Nu = –
dY
(14)
X
q
0
NUM ERICAL ALGORITHM AND VALIDATION TESTS
In the present work, the boundary-value problem represented by Eqs. (7)
through (10) is solved subject to its corresponding initial and boundary conditions
given in Eqs. (11) by the control volume method discussed by Patankar [31]. In this
method, the ADI procedure along with the successive grid re®nement scheme are
implemented in the spatial and temporal environments, respectively, to accelerate the
convergence of the solution toward steady state. Additionally, the application of the
ADI procedure enhances the accuracy of the solution since it allows the power-law
scheme to be applied locally in a one-dimensional sense for each sweep in the
coordinate directions.
In order to test and assess grid independence of the solution scheme, many
numerical experiments were performed. These experiments showed that an equally
spaced grid mesh of 81 £ 81 is adequate to describe the ¯ow and heat transfer
characteristics accurately. Further increase in the number of grid points produced
essentially the same results. The convergence criterion employed to reach the steady-
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Figure 2. Comparison of present work with Aydin [17] for aiding ¯ow (Case 2).
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Figure 3. Comparison of present work with Aydin [17] for opposing ¯ow (Case 1).
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state solution was the standard relative error, which is based on the maximum norm
given by
d=

kO n‡ 1 – O n k1 ky n‡ 1 – y n k1
‡
µ 10– 6
kO n‡ 1 k1
ky n‡ 1 k1

(15)

where the operator jZj1 indicates the maximum absolute value of the variable over
all the grid points in the computational domain.
In order to verify the accuracy of the numerical results obtained throughout
the present study, comparisons with the work of Aydin [17] were carried out by
performing simulations for an Re Re = 100 and Gr Gr = 104 , 105 , and 106 in the
absence of the magnetic (Ha = 0) and heat generation or absorption (D = 0) e ects.
These comparisons for the contour maps of temperature and streamlines are
presented in Figures 2 and 3 for aiding and opposing ¯ow situations, respectively.
In these ®gures, the solid lines correspond to the results of the present work while
the dotted lines correspond to those of Aydin [17]. It is clear that excellent
agreement between the present numerical solutions and those of Aydin [17] exists.
As an additional check on the accuracy of the results, the convergence of the
numerical solution is veri®ed by performing an overall heat transfer balance inside
the cavity. All of these favorable comparisons lend con®dence to the accuracy of
the numerical results of this work.

RESULTS AND DISCUSSION
In this section, the numerical results for combined convection heat transfer of a
heat-generating or absorbing ¯uid in a vertical lid-driven square cavity in the presence of a transverse magnetic ®eld are presented and discussed. By ®xing the Pr at
the value of 0.71, the controlling parameters for this investigation are the ratio
Gr=Re2 (sometimes called the Richardson number), Ha, and the dimensionless heat
generation or absorption coe cient D.
Figure 4 displays typical temperature and streamlines contour maps for
various values of Ha for an aiding ¯ow situation (Case 2). In the absence of the
magnetic ®eld and the internal heat generation or absorption e ects, the value of
the Richardson number Gr=Re2 provides a measure of the importance of buoyancy-driven natural convection relative to the lid-driven forced convection. For
very small values of Gr=Re2 , Figure 4 indicates that the shear e ect due to the
movement of the left wall is dominant and that the ¯ow features are similar to
those of a viscous ¯ow of a nonstrati®ed ¯uid in a vertically driven cavity. The
¯uid ¯ow is characterized by a primary recirculating eddy of the size of the cavity
generated by the movement of the left wall and minor eddies near the right top and
bottom corners. The temperature contour maps are clustered near the right vertical
wall of the cavity resulting in steep temperature gradients there. In the remaining
area of the cavity, the temperature gradients are small, which implies that the
temperature di erences are very small in the interior region of the cavity due to the
vigorous e ects of the shear-driven circulations. Application of a transverse
magnetic ®eld has the tendency to slow down the movement of the ¯uid in the
cavity. This causes the ¯ow circulation to progressively inhibit except in the region
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Figure 4. E ects of Ha on the streamlines and isotherms for aiding ¯ow (Case 2), Gr = 100, Pr = 0.71,
Re = 1000, and D = 0.
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close to the moving wall of the cavity. The minor eddies mentioned before disappear due to the presence of the magnetic ®eld. The primary recirculating eddy
tends to move closer and closer to the moving wall as the strength of the magnetic
®eld increases further and further. In addition, the e ect of the magnetic ®eld is
predicted to suppress the convective heat transfer mechanism and the isotherms
become more parallel to the moving wall indicating the approach to a quasiconduction regime. Moreover, the horizontal temperature strati®cation is substantially linear in the stagnant core of the cavity. This illustrates that the overall
heat is transferred by conduction in the middle and close to the right wall of the
cavity except in a relatively small region close to the moving wall where the induced convective activities are appreciable.
The e ects of the internal heat generation or absorption coe cient D on the
contour maps of temperature and streamlines for Gr = 100 and Re = 1000 are
shown in Figure 5 for aiding ¯ow (Case 2). In the absence of the internal heat
generation or absorption e ect, the maximum temperature occurs at the hot vertical wall. However, as the internal heat generation e ect (D > 0) increases, the
boundary layer becomes more established along the vertical walls of the cavity,
indicating sharp reductions in the temperature in the vicinity of these walls, and
the maximum temperature tends to drift toward the center of the cavity. The
temperature contour maps for D > 0 illustrate the formation of a localized region
of high temperature (relative to the hot wall temperature) in the core region between the hot and cold walls of the cavity. This is due to the fact that the hot ¯uid
reaching the top insulated wall is unable to reject energy. In addition, it can be
seen from this ®gure that the streamlines remain almost unchanged since they are
controlled by the value of the Richardson number Gr=Re 2, which is very small in
this ®gure. The presence of heat absorption (D < 0) produces the opposite e ect,
where the high tempertaure region occurs close to the hot wall causing higher heat
transfer rates.
The e ect of the Ha on the velocity and the temperature pro®les at the midsection of the vertical cavity for an aiding ¯ow situation (Case 2) is depicted in
Figures 6 through 8, respectively. Application of a transverse magnetic ®eld in the
horizontal direction normal to the vertical walls of the cavity results in a resistive
force, which acts in the opposite vertical direction of the ¯ow. This causes the
horizontal velocity component in the upper region of the cavity to decrease and the
vertical velocity component and temperature to increase. This is clearly noticed from
the horizontal and vertical velocity pro®les at the center of the cavity as depicted in
Figures 6 through 8.
Finally, the e ects of the Ha, the heat generation or absorption coe cient D , the
Re, and the Gr on the average Nusselt number of the cavity Nu for both aiding (Case 2)
and opposing (Case 1) ¯ow situations are tabulated in Tables 1 through 4, respectively.
It is observed that increases in the strength of the magnetic ®eld cause decreases in the
average Nusselt number for both aiding and opposing ¯ow conditions. In addition, heat
generation is predicted to decrease the average Nusselt number while heat absorption
increases it for aiding ¯ow. However, the opposite behavior is predicted for opposing
¯ow. Moreover, for a ®xed value of the Gr, increases in the value of the Re have the
tendency to increase the convection heat transfer causing increases in the average
Nusselt number. Furthermore, for a ®xed value of the Re, increases in the value of the
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Figure 5. E ects of D on the streamlines and isotherms for aiding ¯ow (Case 2), Gr = 100, Ha = 0,
Pr = 0.71, and Re = 1000.
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Figure 6. E ects of Ha on horizontal velocity pro®les at enclosure midsection.

Gr (that is, increases in the value of the Richardson number Gr=Re2 ) result in augmentation of the average Nusselt number for aiding ¯ow. However, for opposing ¯ow,
the average Nusselt number is predicted to decrease as Gr is increased from 102 to 104
and to increase as Gr is increased beyond Gr = 104.
It is worth noting that under steady-state conditions and in the absence of heat
generation or absorption e ects, viscous dissipation, and Joule heating, an overall
energy balance for the cavity considered shows that the average Nusselt number at
the moving wall for aiding ¯ow situations (Case 2) is the same as that for opposing
¯ow situations (Case 1) but with the opposite sign. This is because in Case 1 heat
transfers from the moving hot wall to the colder ¯uid while in Case 2 it transfers
from the hot ¯uid (due to heating right wall) to the moving cold wall. This fact is
demonstrated by Tables 1 and 2 for D = 0. The slight di erence in the numbers is
probably due to the Nusselt number calculations at the corners of the cavity.
CONCLUSIONS
The problem of unsteady laminar combined convection ¯ow and heat
transfer of an electrically conducting and heat generating or absorbing ¯uid in a
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Figure 7. E ects of Ha on vertical velocity pro®les at enclosure midsection.

vertical lid-driven cavity in the presence of a magnetic ®eld was formulated. A
numerical solution based on the ®nite-volume approach along with the ADI
scheme was obtained. Comparisons with previously published work on special
cases of the problem were performed and found to be in excellent agreement.
A parametric study for both aiding and opposing ¯ow conditions was conducted
and the results were presented graphically and in tabulated form. It was found
that the ¯ow behavior and the heat transfer characteristics inside the cavity are
strongly a ected by the presence of the magnetic ®eld. Signi®cant reductions in
the average Nusselt number were produced for both aiding and opposing ¯ow
situations as the strength of the applied magnetic ®eld was increased. Moreover,
the presence of the internal heat generation e ects was found to decrease the
average Nusselt number signi®cantly for aiding ¯ow and to increase it for opposing ¯ow. The exact opposite behavior was predicted as a result of the presence
of internal heat absorption e ects. For a ®xed value Gr, increasing the Re produced higher values in the average Nusselt number for both aiding and opposing
¯ow conditions. On the other hand, for a ®xed value of the Re, increases in the
value of the Gr resulted in increasing the average Nusselt number for aiding ¯ow.
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Figure 8. E ects of Ha on temperature pro®les at enclosure midsection.

Table 1. E ects of Ha on the average Nusselt number at the left moving wall of the cavity for both aiding
and opposing ¯ow conditions for Gr = 100, Pr = 0.71, Re = 1000, and D = 0
Parameter
Ha =
Ha =
Ha =
Ha =

0.0
10
20
50

Nu Opposing ¯ow (Case 1)

Nu Aiding ¯ow (Case 2)

7 2.2678
7 2.1033
7 1.6452
7 0.9153

2.2692
2.1050
1.6472
0.9164

Table 2. E ects of D on the average Nusselt number at the left moving wall of the cavity for both aiding
and opposing ¯ow conditions for Ha = 0, Gr = 100, Pr = 0.71, and Re = 1000
Parameter
D=
D=
D=
D=
D=

7 3.0
7 1.0

0.0
1.0
3.0

Nu Opposing ¯ow (Case 1)

Nu Aiding ¯ow (Case 2)

7 2.1057
7 2.2109
7 2.2678
7 2.3286
7 2.4630

2.9052
2.4963
2.2692
2.0245
1.4727
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Table 3. E ects of Re on the average Nusselt number at the left moving wall of the cavity for both aiding
and opposing ¯ow conditions for Ha = 0, Gr = 100, Pr = 0.71, and D = 0
Parameter

Nu opposing ¯ow (Case 1)

Nu Aiding ¯ow (Case 2)

Re = 100
Re = 400
Re = 1000

7 0.9640
7 1.6925
7 2.2678

0.9819
1.6971
2.2692

Table 4. E ects of Gr on the average Nusselt number at the left moving wall of the cavity for both aiding
and opposing ¯ow conditions for Ha = 0, Pr = 0.71, Re = 100, and D = 0
Parameter

Nu Opposing ¯ow (Case 1)

Nu Aiding ¯ow (Case 2)

Gr = 102
Gr = 103
Gr = 104
Gr = 105
Gr = 106

7 0.9640
7 0.8772
7 0.7398
7 1.6549
7 3.7434

0.9819
1.0554
1.4604
2.3620
4.0083

However, for opposing ¯ow, as the Gr increased, the average Nusselt number
initially decreased, reaching a minimum for Gr = 104 and then increased as the Gr
was increased beyond this value.
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