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Abstract

Magnetoconvection of an electrically conducting fluid in a square cavity with partially thermally active vertical walls is investigated
numerically. The active part of the left side wall is at a higher temperature than the active part of the right side wall. The top, bottom and
the inactive parts of the side walls are thermally inactive. Nine different combinations of the relative positions of the active zones are
considered. The governing equations are discretized by the control volume method with QUICK scheme and solved numerically by SIM-
PLE algorithm for the pressure–velocity coupling together with underrelaxation technique. The results are obtained for Grashof num-
bers between 104 and 106, Hartmann numbers between 0 and 100 and Prandtl numbers 0.054–2.05. The heat transfer characteristics are
presented in the form of streamlines and isotherms. The heat transfer rate is maximum for the middle–middle thermally active locations
while it is poor for the top–bottom thermally active locations. The average Nusselt number decreases with an increase of Hartmann num-
ber and increases with an increase of Grashof number. For sufficiently large magnetic field Ha = 100 the convective mode of heat transfer
is converted into conductive mode in the low region of Grashof number than in the high region.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Magnetoconvection occurs under many circumstances
and received a great deal of attention as it finds applica-
tions in geophysics, astrophysics, aerodynamics, engineer-
ing and industries. Magnetoconvection in cavities
particularly has applications in solar technologies, safety
aspects of gas cooled reactors, crystal growth in liquids,
material manufacturing technology and haemodialysis.
There are situations where heat is being generated during
certain operations and may be detrimental to the equip-
ment. The undesirable amount of heat is to be removed
as far as possible. For instance gas turbine blades, walls
of an I. C. engine combustion chamber, outer surface of
a space vehicle, all depend on their durability on rapid heat
removal from their surfaces. Natural convection in a rect-
angular cavity with differentially heated side walls and
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insulated horizontal surfaces has been the subject of great
interest.

Davis [3] studied the two-dimensional natural convec-
tion in a square cavity with differentially heated side walls
and has suggested a bench mark solution. Valencia and
Frederick [15] investigated the natural convection of air
in square cavities with half-active and half-insulated verti-
cal walls numerically for various Rayleigh numbers. They
observed that the heat transfer rates could be controlled
to a certain extent by varying the relative positions of the
hot and cold elements. Ostrach [10] has demonstrated nat-
ural convection problems in science and technology. The
complexities of the phenomena has also been discussed.
Rudraiah et al. [12,13] studied numerically the effect of
magnetic field on the flow driven by the combined mecha-
nism of buoyancy and thermocapillarity in a rectangular
open cavity filled with low Prandtl number fluid and
observed that as the strength of the magnetic field
increases, the buoyancy-driven convection decreases.

Kandaswamy and Kumar [7] studied the natural con-
vection of water near its density maximum in the presence
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Nomenclature

B0 magnetic field
g acceleration due to gravity
Gr Grashof number
Ha Hartmann number
L length of the cavity
Nu local Nusselt number
Nu average Nusselt number
p pressure
Pr Prandtl number
t dimensional time
T dimensionless temperature
u, v velocity components
U, V dimensionless velocity components
x, y dimensional coordinates
X, Y dimensionless coordinates

Greek symbols

a thermal diffusivity
b coefficient of thermal expansion
l dynamic viscosity
m kinematic viscosity
h temperature
q density
re electrical conductivity of the medium
s dimensionless time

Subscripts

c cold wall
h hot wall
o reference state
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of uniform magnetic field. They observed that the effect of
the magnetic field on the natural convection is to inhibit the
heat transfer rate. Bethancourt et al. [2] made numerical
computations of natural convection in a side-heated square
cavity with two layers of immiscible Boussinesque liquids.
They found the impacts of a deformable interface and of
surface tension in local behaviour of heat transfer charac-
teristics. Aydin et al. [1] performed a numerical study of
steady natural convection of air in two-dimensional enclo-
sure isothermally heated from one side and cooled from the
ceiling. They found the effect of heat transfer rate to be
more significant when the enclosure is shallow and the
influence of aspect ratio is stronger when the enclosure is
tall and the Rayleigh number is high.

Saravanan and Kandaswamy [14] analysed the convec-
tion in a low Prandtl number fluid driven by the combined
mechanism of buoyancy and surface tension in the pres-
ence of a uniform vertical magnetic field. It has been shown
that the heat transfer across the cavity from the hot wall to
cold wall becomes poor for a decrease in thermal conduc-
tivity in the presence of vertical magnetic field. Frederick
and Quiroz [5] have remarked that the transition to convec-
tion occurs in the range of Rayleigh numbers from 103 to
105 in their study on the transition from conduction to con-
vection regime in a cubical enclosure with a partially
heated wall. Deng et al. [4] numerically studied a two-
dimensional, steady and laminar natural convection in a
rectangular enclosure with discrete heat sources on walls.
They have remarked that the heat source on the floor
increases the thermal instability and acts as a proportional
effect on convection, while the heat source on the side wall
increases the thermal stability and acts as a reverse effect on
convection.

Nithyadevi et al. [8] investigated the effect of aspect ratio
on the natural convection of a fluid contained in a rectan-
gular cavity with partially thermally active side walls. They
found that heat transfer rate increases with increase in the
aspect ratio and when the cooling location is at the top of
the enclosure. Nithyadevi et al. [9] further investigated the
transient natural convection in a square cavity with par-
tially thermally active side walls. The thermally active
regions were considered to be periodic in time. The results
were obtained for various values of amplitude, period and
Grashof numbers and different thermally active locations.
They observed the heat transfer to increase for periods 1
and 5 and to decrease for period 3 and the average Nusselt
number to behave nonlinearly as a function of period.

The present study deals with the natural convection in a
square cavity filled with an electrically conducting fluid
with partially thermally active vertical walls, for nine differ-
ent combinations of active locations in the presence of
external magnetic field parallel to gravity. The hot region
is located at the top, middle and bottom and the cold
region is moved from bottom to top, to locate the positions
where the heat transfer rate is maximum and minimum.
The results are displayed graphically in the form of stream-
lines and isotherms, which show the effect of magnetic field
with different heating locations of the side walls.

2. Mathematical formulation

Consider the unsteady two-dimensional natural convec-
tion flow of fluid in a square cavity of length L as shown in
Fig. 1. The partially thermally active side walls of the cavity
are maintained at two different but uniform temperatures,
namely, hh and hc with hh > hc, respectively. The remaining
boundaries of the cavity are thermally insulated. Nine dif-
ferent cases are studied (viz) the hot location is moving
from top to bottom of the left wall and the cold location
moving from bottom to top of the right wall. The gravity
acts normal to the x-axis and the external magnetic field
B0 is applied parallel to gravity. It is assumed that
the induced magnetic field is negligible compared to the
applied magnetic field. Under the above assumptions, the
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conservation equations of mass, momentum and energy in
a two-dimensional Cartesian co-ordinate system are
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The appropriate initial and boundary conditions are:

t ¼ 0 : u ¼ v ¼ 0; h ¼ hc; 0 6 x 6 L; 0 6 y 6 L

t > 0 : u ¼ v ¼ 0; oh
oy ¼ 0; y ¼ 0&L

h ¼ hh; active part; oh
ox ¼ 0; x ¼ 0

h ¼ hc; active part; oh
ox ¼ 0; x ¼ L

Introducing the following nondimensional variables:

s ¼ t

L2=m
; ðX ; Y Þ ¼ ðx; yÞ

L
; ðU ; V Þ ¼ ðu; vÞ

m=L
;
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; with hh > hc

The nondimensional form of Eqs. (1)–(4) are obtained
as
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The initial and boundary conditions in the dimension-
less form are:

s ¼ 0 : U ¼ V ¼ 0; T ¼ 0; 0 6 X 6 1; 0 6 Y 6 1;

s > 0 : U ¼ V ¼ 0; oT
oY ¼ 0; at ¼ Y ¼ 0 and 1;

T ¼ 1; active part oT
oX ¼ 0; X ¼ 0;

T ¼ 0; active part oT
oX ¼ 0; X ¼ 1:

The nondimensional parameters that appear in the equa-

tions are, Gr ¼ gbðhh�hcÞL3

m2 Grashof number, Ha2 ¼ B2
oL2re

l

Hartmann number and Pr ¼ m
a Prandtl number. The local

Nusselt number is defined by Nu ¼ oT
oX j y¼0 resulting in the

average Nusselt number as Nu ¼ 1
h

R
h Nu dY , j where h ¼ L

2

is height of heating location.

3. Method of solution

The governing equations (5)–(8) are discretized by con-
trol volume method and the coupling between velocity and
pressure is solved by SIMPLE algorithm Patankar [11].
The discretized form of the Eq. (6) can be written as
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The third order accurate deferred QUICK scheme of Hay-
ase et al. [6] is employed to minimize the numerical diffu-
sion for the convective terms to the discretized Eq. (9) to
obtain the form
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where
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Table 1
Comparison of average Nusselt numbers for different Grashof numbers
and Hartmann numbers

Gr Ha Nu

Rudraiah et al. [12] Present

2 � 104 0 2.5188 2.6237
10 2.2234 2.3234
50 1.0856 1.0987

100 1.0110 1.0245

2 � 105 0 4.9198 5.1876
10 4.8053 4.9825
50 2.8442 2.9784

100 1.4317 1.6318

2 � 106 0 8.7030 8.9341
10 8.6463 8.7936
50 7.5825 7.6153

100 5.5415 5.5918
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The resulting set of discretized equations for each variable
are solved by a line-by-line procedure, combining the tri-
diagonal matrix algorithm (TDMA). Under relaxation
technique is employed for the pressure correction. The
mass balance for global convergence is taken as 10�7.

Uniform staggered grid system is employed in the pres-
ent study. It is found that the grid 51 � 51 is sufficiently
fine to ensure a grid independent solution. Accuracy of
the numerical procedure is first validated by the compari-
son between the predicted results with the bench mark
solutions of Davis [3]. The results are found to be in good
agreement with the benchmark solution. The present
numerical results are compared with those of Rudraiah
Fig. 2. (a–i) Steady state streamlines for nine differe
et al. [12] in Table 1 and found that the control volume
method with SIMPLE algorithm is fast converging.

4. Results and discussion

The effect of magnetic field on the buoyancy-driven con-
vection of an electrically conducting fluid in a square cav-
ity, with partially thermally active side walls is
investigated numerically. The computations are carried
out for Grashof numbers from 104 to 106, Hartmann num-
bers from 0 to 100 and Prandtl numbers from 0.054 to 2.05
and Pr = 0.71 is considered for all other computations. The
flow fields and the temperature gradients inside the cavity
are presented to illustrate the impact of the magnetic field
and positioning of the active locations on the heat transfer
characteristics. The heated location is always kept on the
left wall and the cooled location on the right wall.

4.1. Effect due to change in active locations

Figs. 2a–i and 3a–i show the streamlines and isotherms
for the nine different combinations of active locations for
a magnetic field with Ha = 10 and Gr = 105. In the case
of top–bottom position, two fully developed clockwise
rotating vortices are seen inside a large cell in Fig. 2a.
The buoyancy force which ascend the fluid particles heated
near the hot wall acts parallel to the hot wall and moves
horizontally and descends towards the cold location.
Fig. 3a shows that the corresponding isotherms are almost
parallel to the horizontal wall at the center of the cavity as
the flow is stagnant at the core.
nt locations, Pr = 0.71, Ha = 10 and Gr = 105.



Fig. 3. (a–i) Steady state isotherms for nine different locations, Pr = 0.71, Ha = 10 and Gr = 105.
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Fig. 2b shows the streamlines for the top–middle active
case. One of the small vortices disappears to form single
enlarged cell which moves towards the cold region, the cor-
responding isotherms in Fig. 3b indicate that the convec-
tive heat transfer is less at the bottom of the cavity. In
the top-top active position, and the bottom–bottom active
position indicate a mirror image effect with flow concentra-
tion at the active regions as seen from Fig. 2c and g. The
corresponding isotherms in Fig. 3c and g reveals the con-
vective mode of heat transfer in the active regions and
the bottom and top of the enclosure are thermally inactive.

In the middle–bottom active position in Fig. 2d a single
clockwise rotating cell exists near the hot location and
elongates towards the cold region. In Fig. 3d the isotherms
indicate that the hot particles transport the energy by con-
vection which is meager at the top of the cavity. Fig. 2e
shows the streamlines for the middle–middle active posi-
tion. Two small convective cells are formed in the core with
a larger cell around them with flow all over the cavity. The
corresponding isotherms in Fig. 3e indicates that the con-
vective mode of heat transfer prevails all over the cavity
except at the center. In the middle–top case in Fig. 2f one
of the inner vortices shrinks completely within the larger
cell. The isotherms for the above flow in Fig. 3f show the
formation of thermal boundary layer near the active
regions.

In the bottom–middle active case in Fig. 2h the single
enlarged cell exists and the flow is improved to all parts
of the cavity. Fig. 3h indicates that the isotherms are more
concentrated near the active zones with the formation of
the thermal boundary layers and the energy is transported
through moderate convection. In the bottom–top active
location the single larger cell is horizontally elongated with
two tiny vortices inside in Fig. 2i is observed. The forma-
tion of the thermal boundary layer near the active zones
which reduce the flow and temperature gradient at the core
region as clearly seen in Fig. 3i.

4.2. Effect of increase in external magnetic field strength

In Figs. 4–6a–c the streamlines and isotherms are
depicted for top–bottom, middle–middle and bottom–top
active positions with increasing magnetic fields with
Ha = 10, 50 and 100. The impacts due to change in active
locations and increase in the value of Hartmann number
are depicted. In the streamline pattern the presence of
two cells near the active zones gradually move to the center
and decrease in size. The buoyancy force is reduced consid-
erably. The intensities in the flow decreases owing to the
increase in the magnetic field. This is expected since pres-
ence of magnetic field usually retards the flow which is
observed from Table 2. The corresponding effect of the
increase in magnetic field on the isotherms is that they
are more straighten out since the magnetic field resists
the flow and the convection is totally suppressed inside
the cavity. As the Hartmann number increases, the temper-
ature stratification in the core diminishes and the thermal
boundary layer at the two active side walls disappear,
Fig. 4–6c. Also the streamlines are elongated and the core
region becomes broadly stagnated.

This effect is also seen in Fig. 13 in which the mid-
height velocity profiles are flattened for higher values of



Fig. 4. (i)–(ii) Steady state streamlines and isotherms for Pr = 0.71, Gr = 105, (a) Ha = 10.

Fig. 5. (i)–(ii) Steady state streamlines and isotherms for Pr = 0.71, Gr = 105, (b) Ha = 50.

Fig. 6. (i)–(ii) Steady state streamlines and isotherms for Pr = 0.71, Gr = 105, (c) Ha = 100.
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Table 2
Effect of Grashof number and Hartmann number on average Nusselt
number, horizontal and vertical velocities for top–bottom active location

Gr Ha Umax Vmax Avg. Nu

104 0 8.42 9.15 1.921038
10 6.22 7.01 1.713625
50 1.17 1.59 1.339501

100 0.33 0.63 1.326234

105 0 20.06 27.65 2.989092
10 17.77 26.03 2.877136
50 6.48 12.55 1.817992

100 2.80 5.86 1.421136

106 0 46.74 80.54 4.107253
10 42.88 79.28 4.108758
50 22.57 74.73 3.695692

100 11.49 49.60 2.743037
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the Hartmann number Ha = 50, 100 which is shown for the
bottom–top active case. The average Nusselt number for
the different active locations are shown in Fig. 7 for various
Grashof numbers. As expected when the Grashof number
increases the average Nusselt number also increases, but
the heat transfer rate is high in the middle–middle active
locations and low for top–bottom active locations.

Fig. 8 shows the behaviour of the average Nusselt num-
ber, for different magnetic field strengths. In all the cases,
Fig. 9. Time history of streamlines for bottom–top he
the heat transfer rate decreases as the Hartmann number
increases. The average Nusselt number is very low in the
top–bottom heating locations in comparison to all other
cases. Also the velocities shown in Table 2 indicate that
the heat transfer will be of almost conductive type beyond
Ha = 100.
4.3. Time history of the transient state

Figs. 9 and 10 illustrates the transient results of stream-
lines and isotherms for the bottom–top active positions, for
Ha = 10 and Gr = 105. In the beginning a small amount of
fluid near the heating location is activated. For s = 0.002 a
small clockwise rotating hot cell appears near the bottom
heating location and the isotherms are almost parallel lines.
They indicate conduction mode of heat transfer. At time
s = 0.008 and 0.016 the clockwise rotating cell grows in
size, moves slightly away from the boundary and expands
while the isotherms become parabolic and spreads to half
of the enclosure. At time s = 0.032 and 0.064 the convec-
tive cell has moved to the center, elongated to an elliptic
shape and occupies the entire enclosure. The corresponding
isotherms have reached the right side top cooling location
and the thermal boundary layers are seen at the active loca-
tions and they are horizontal at the core indicating that
convection has set inside the enclosure. At time s = 1.024
ating locations, Pr = 0.71, Ha = 10 and Gr = 105.



Fig. 10. Time history of isotherms for bottom-top heating locations, Pr = 0.71, Ha = 10 and Gr = 105.
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the streamline are tilted and the isotherms are further
skewed depicting the steady state behaviour.

Fig. 11 exhibits the time history of the mid-height veloc-
ity profiles for the transient state for the bottom–top active
positions, for Ha = 10 and Gr = 105. Initially the velocity
increases only near the heating location and for further
increase in time the velocity of the fluid particles near the
cold location also increase and when the steady state is
reached where the velocity curves coincide.
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4.4. Effect of increase in Prandtl number

The increase in the average Nusselt number for the
increase in the Prandtl number are shown in Fig. 12 for dif-
ferent heating locations, for Ha = 10 and Gr = 105. The
rate of increase is high in the range for Pr = 0.054–0.71.
It is also observed that in the middle–middle active location
the heat transfer is more than in the other cases.
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-60

X

Fig. 13. Mid-height velocity profiles for bottom–top active location,
Pr = 0.71 and Gr = 105.
4.5. Time history of the steady state

The steady state variations in average Nusselt number
with respect to time are shown in Fig. 14, for the bot-
tom–top active positions, Gr = 105 and for different mag-
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netic field strengths. The rate of heat transfer is minimum
when Ha = 100. The inner figure shows early stages of
the flow development. During the transition from conduc-
tion to convection mode the average Nusselt number curve
attains a minimum, then increases before reaching the
steady state for low magnetic fields. As the magnetic field
strength is increased to 100 it reaches the minimum and
attains the steady state.
5. Conclusion

Natural convection in a square cavity with partially
thermally active vertical walls in the presence of magnetic
field is studied numerically with nine different combination
of the active positions. It is found that the heat transfer rate
is enhanced in the middle–middle thermally active loca-
tions while it is poor for the top–bottom case. The average
Nusselt number increases with increase in Grashof number
but decreases with increase in Hartmann number. As
strength of the magnetic field is increased (Ha = 100) con-
vection is completely suppressed and the heat transfer in
the cavity is mostly due to conduction mode. The rate of
flow also decreases for increase in Hartmann number in
all different active positions. Increase in Prandtl number
leads to increase in the average Nusselt number.
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