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THREE-DIMENSIONAL NATURAL CONVECTION IN
THE HORIZONTAL BRIDGMAN CONFIGURATION
UNDER VARIOUS WALL ELECTRICAL CONDUCTIVITY
AND MAGNETIC FIELD

Mouna Battira and Rachid Bessaih
LEAP Laboratory, Department of Mechanical Engineering, Faculty of
Engineering, University of Mentouri-Constantine, Constantine, Algeria

A numerical investigation of the three-dimensional natural convection of a liquid metal
contained in the horizontal Bridgman configuration, having an aspect ratio equal to 5 and
submitted to an external magnetic field in either the longitudinal or vertical direction, is
presented. The numerical approach is based on the finite-volume approximation. A computer
program based on the SIMPLER algorithm is developed. The effect of a magnetic field
provides a notable change on the flow and thermal structures. The strongest stabilization
of the convection flow is found when the magnetic field is oriented vertically. Also, wall
electrical conductivity has an effect on the average Nusselt number. A good agreement
between our numerical simulations and experimental data found in the literature is obtained.

1. INTRODUCTION

Natural convection in enclosures containing liquid metals has various engineer-
ing applications such as materials processing, crystal growth, cooling systems for
nuclear reactors, etc. During the crystal growth by the horizontal Bridgman tech-
nique (Figure 1), sufficiently high variations in temperature can occur in the melt
bath, which generate significant movements by convection within the fluid. Because
of the appearance of striations which can affect the growth rate and structure of the
solid and thus its quality, the application of a magnetic field is recognized on the flow
stability.

For example, Tagawa and Ozoe [1] carried out a numerical study of three-
dimensional natural convection of a liquid metal in a cubical enclosure, in the
presence of an external magnetic field, applied parallel to the heated and cooled
walls. They clarified the theoretical basis for the enhancement of heat transfer under
a static magnetic field. Benhadid and Henry [2] studied numerically the natural
convection in a parallelepiped cavity for highly conducting fluid under the uniform
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NOMENCLATURE

aspect ratio (=L/H) [-]
dimensionless magnetic flux density
vector [-]

uniform magnetic flux density, T
acceleration due to gravity, m/s?
Grashof number

(= B(Ti — T)L* v?) .
unitary vector of the direction of B
height of the enclosure, m
Hartmann number (= ByL+/c /)
electric current density, A/m>
thermal conductivity of the fluid,
length of the enclosure, m

local Nusselt number [-]

average Nusselt number [-]
dimensionless pressure [-]

Prandtl number (= v/a)
dimensionless temperature [-]
ambient temperature, K

t
Vv

u, v, w

w
X, p, 2

=

56 o < =

Subscripts

c
h
0

dimensionless time [-]

dimensionless velocity vector [-]
dimensionless velocities in x-, y-, and
z-directions, respectively [-]

width of the enclosure, m
dimensionless longitudinal, vertical,
and transversal coordinates,
respectively [-]

thermal diffusivity of the fluid, m?/s
thermal expansion coefficient of the
fluid, K ~!

dynamic viscosity of the fluid, Pa-s
kinematic viscosity of the fluid, m?/s
density of the fluid, kg/m?

electric conductivity, @ ~'-m !
electric potential, V

cold
hot
ambient

magnetic field. They showed that the flow evolution depends on the direction and the
intensity of the magnetic field. Emery and Lee [3] simulated the natural convection in
a square enclosure with heated vertical walls and temperature-dependent conduc-
tivity and viscosity for Prandtl numbers ranging from 0.01 to 1.0, which is represen-

tative of liquid metals and gases, and Ra< 10°. The overall heat transfer was found

to be unaffected and was accurately correlated in terms of the Rayleigh and Prandtl
numbers. This correlation applies to both isothermal and constant heat flux hot
walls. Bessaih et al. [4] investigated numerically the combined effect of wall electrical
conductivity and direction of the magnetic field on the buoyancy-induced flow of
gallium in a cubical enclosure. Their results indicate that one can control the flow

Figure 1. Geometry of problem. The left and right walls are maintained at 7, and 7}, respectively, and the
others walls are adiabatic. Bx and By denote the longitudinal and the vertical magnetic field, respectively.

y‘v

V=1.3
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via a good choice of the strength and direction of the magnetic field, as well as of the
electric conductivity of the cavity walls. Saravanan and Kandaswamy [5] studied the
effect of temperature-dependent thermal conductivity on the buoyancy-induced con-
vection in low-Prandtl-number fluids contained in a square cavity. In absence of a
magnetic field, they found that an increase in thermal conductivity reduces both con-
ductive and convective modes of heat transfer. In the presence of a vertical magnetic
field, this increase in thermal conductivity produced a highly damped convection and
conduction. Arcidiacono et al. [6] and [7] presented a direct numerical simulation for
the free convection flow of a low-Prandtl number fluid with internal generation in a
slender enclosure (4 =4) [6], and in a shallow cavity (4 = 0.25) [7], having adiabatic
top and bottom walls, and isothermal side walls. They determine the Grashof range
for which the flow is steady, time-periodic, or chaotic. Aleksandrova and Molokov
[8] constructed an asymptotic model of a three-dimensional convection in a rec-
tangular box with electrically insulating walls, and with an horizontal temperature
gradient in a strong magnetic field. Their convective heat transfer analysis for low
values of the Peclet number shows that either the vertical or the longitudinal mag-
netic field is the most efficient in damping of the convective heat transfer, depending
on the dimensions of the cavity.

Krakov and Nikiforov [9] studied numerically the influence of a uniform mag-
netic field on the natural convection in a square cavity. They found that the angle
between the directions of temperature gradient and magnetic field influences the con-
vection structure. Later, by another numerical simulation and physical experiment
[10], they numerically discovered that a set of numerous convective structures exists
in the cube, and the structure that is more stable depends on the comparison of mag-
netic and gravity forces. Experimentally, they found an essential dependence of heat
flux on magnetic fields both in vertical and horizontal magnetic fields. Sarris et al.
[11] presented a numerical study of unsteady two-dimensional natural convection
of an electrically conducting fluid in a laterally and volumetrically heated square cav-
ity under a magnetic field. The flow is characterized by the external Rayleigh number
Rag, the internal Rayleigh number, Ra;, and the Hartmann number Ha. They con-
cluded that the flow oscillations were reduced or vanished for increased Ha numbers
due to the magnetic field damping effect, but not analogous to the increase of the
ratio S=Ra;/Rag. The heat transfer is enhanced with increasing S, but no signifi-
cant effect of the magnetic field was observed due to the small range of the Ha num-
bers studied. Sophy et al. [12] numerically examined the gradient magnetic field
influence on the natural convection in a differentially heated square cavity for Ray-
leigh numbers ranging from 103 to 10°. They showed that a great modification of the
flow pattern occurs when the maximum value of the magnetic field is beyond a criti-
cal one. Kaneda et al. [13] presented both experimentally and numerically the study
of natural convection of liquid gallium under a uniform magnetic field with an exter-
nal electric current. They found that the magnetic field suppresses the convection,
but the interaction of the magnetic field and the additional electric current induces
the Lorentz force and it affects the flow pattern and the heat transfer rate from
the hot wall to the cold wall, depending on the combination of the external electric
current and the direction of the magnetic field.

In the work of Hof et al. [14] and [15], an experimental study of magnetohydro-
dynamic damping of sidewall convection in a rectangular enclosure filled with
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gallium was conducted. The authors investigate the suppression of convection when a
steady magnetic field is applied separately in each of the three principal directions of
the flow. The strongest damping of the steady flow is found for a vertical magnetic
field. However, they observed that the application of a transverse field provides great-
er damping than a longitudinal one. Xu et al. [16] presented an experimental investi-
gation on natural convection in a gallium contained in a rectangular box with the two
opposite vertical walls held at different temperatures. The imposed magnetic fields are
parallel to the temperature gradient. Their results show that natural convection is
suppressed with an imposed magnetic field, and the magnetic damping effect
increases with an increase in the applied field strength. Recently, Kolsi et al. [17] car-
ried out a numerical study of natural convection in a differentially heated cubic cavity
for Pr=0.045 under the presence of an external magnetic field orthogonal to the iso-
thermal walls. They observed a damping and laminarization effects of the external
magnetic field, and an organization of the central three-dimensional motion.

In this article, the combined effects of wall electrical conductivity and magnetic
field orientation on the flow and thermal structure are numerically investigated, and
the results are discussed within the context of Bridgman crystal growth. Section 2
presents the mathematical formulation. Section 3 discusses the numerical method
and techniques, which have been used for the computation. Section 4 presents the
grid independence study. Section 5 presents the results and the comparison between
our predictions and the experimental results of Hof et al. [14]. Finally, a conclusion is
given.

2. GEOMETRY AND MATHEMATICAL MODEL

The chosen geometry is that considered by Hof et al. [14] in their experimental
study. The schematic view of the problem is shown in Figure 1. The liquid gallium
sample whose Prandtl number is equal to 0.019 is enclosed in a rectangular enclosure
of relative dimensions L =15.0 x W =1.3 x H=1.0, and subject to a controlled hori-
zontal temperature difference, which drives the convective flow. The left wall is kept
at a local cold temperature 7., and the right wall is maintained at a local hot tem-
perature 7j. The other walls are adiabatic. A uniform magnetic field is applied in
two directions, namely longitudinal (the magnetic field Bx is parallel to the tempera-
ture gradient), and vertical (the magnetic field By is parallel to gravity).

The interaction between the magnetic field and convective flow involves an
induced electric current 7,

f:c[—€@+VAE] (1)

The divergence of Ohm’s law V -j = 0, produces the equation of the electric
potential o.

V2o = V(7 nep) 2)

By neglecting the induced magnetic field, the dissipation and Joule heating, and
using L,v/L, [*/v, po(v/L)z7 vBy, and (T),-T.) as typical scales for lengths,
velocities, time, pressure, potential, and temperature, respectively, the dimensionless
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governing equations for the conservation of mass, momentum, and energy with the
Bousinesq approximation, together with appropriate initial and boundary con-
ditions in the Cartesian coordinates system (x, y, z), are written in dimensionless
form, as follows.

=

V-V=0 (3)
%4_(V.V>I7:—Vp+V217—GrT§+Ha2KI7><§)XE} 4)
aa_f+ V-VTz%VzT (5)

where Gr = gB(T};, — T.)L?/v* is the Grashof number, Ha= ByL\/c/p is the Hart-
mann number, and Pr = v/a is the Prandtl number.

The initial conditions impose that the fluid is at rest and that the temperature
distribution is zero, and that the electric potential is zero everywhere in the rectangu-
lar enclosure. Thus, at t=0, we have: u=v=w=T=¢=0.

The boundary conditions of the dimensionless quantities (u, v, w, and T) are

At x=0, u=v=w=0, T=0 (6a)
At x=5 u=v=w=0 T=1 (6b)
oT
Aty=0, u=v=w=0 5:0 (6¢)
Aty=1, u=v=w= %—izo (6d)
oT

A = = = = —_— =

tz=0, u=v=w=0 3 (6e)
oT

Atz=13 u=v=w=0 520 (6/)

In this study, we have considered several cases of the boundary conditions for the
electrical potential @, for electrically insulating walls, 0@ /0n = 0, and for a perfectly
electrically conducting wall, ¢ =0.

3. NUMERICAL METHOD

Governing equations (2)—(5), with the associated boundary conditions, were
solved using a finite-volume method, as described by Patankar [18]. The components
of the velocity (1, v, and w) are stored at the staggered locations, and the scalars
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quantities (P, T, and @) are stored in the center of these volumes. The numerical pro-
cedure called SIMPLER [18] is used to handle the pressure-velocity coupling. The
second-order accurate central difference scheme is used to discretize the convection
and diffusion terms. This approach was utilized recently by Bessaih and Bouabdallah
[19] for predicting the onset of oscillatory convection in a rectangular cavity filled
with a pure liquid metal during the phase change. Temporal discretisation is first
order accurate and fully implicit [19]. Finally, the discretized algebraic equations
are solved by the line-by-line tridiagonal matrix algorithm (TDMA). Convergence
at a given time step is declared when the maximum relative change between two con-
secutive iteration levels fell below than 10 %, for u, v, w, and T. At this stage, the
steady state solution is obtained. A parallel test was made to guarantee that the
energy balance between the hot and cold walls is less than a prescribed accuracy
value, i.e., 0.2%. Calculations were carried out on a PC with CPU 3 GHz; thus,
the average computing time for a typical case was approximately 5 hours.

4. GRID INDEPENDENCE STUDY

The increments Ax, Ay, and Az of the grid used are not regular. They have been
chosen according to geometric progressions of ratio 1.07, which permits a grid refine-
ment near the walls. In order to examine the effect of the grid on the numerical sol-
ution, a number of grid sizes have been investigated for grid independence study:
62 x 32 x 42 nodes, 92 x 42 x 52 nodes, and 100 x 50 x 60 nodes. By increasing the
grid size from a 92 x 42 x 52 nodes to 100 x 50 x 60 nodes, a change of less than
2% in computed values was observed in (seen in Figure 2). Therefore, in order to cap-
ture the Hartmann and side layers, the grid used has 92 x 42 x 52 nodes and was cho-
sen after performing grid independence tests, since it is considered to have the best
compromise between the computing time and the sufficient resolution in calculations.

0,6
0.5 —O— 100x50x60 nodes
—m— 92x42x52 nodes
—8—62x32x42 nodes
> 04
8
° 0,3
>
g
= 02 I
t ‘.-.'.-.-..__._ 18
(] -
> o oonn AR
0.1 \J
4
0,0 L L I 1 L L 1 1 1 &
0.0 0,5 1.0 1.5 2.0 25 3,0 3.5 4.0 4.5 5.0
X

Figure 2. Profiles of the dimensionless vertical velocity v with x for different grids, at y=H/2 and
z=W/2 (Gr=3.75 x 10%.
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5. RESULTS AND DISCUSSION
5.1. Flow Structure

Figures 3-5 show the velocity vectors for Ha =0 and Ha = 50 for the longitudi-
nal field and Ha = 50 for the vertical field, respectively. Figure 3a, 4a, and 5a show
the perspective views of velocity vectors, respectively, for six transverse sections of
the cavity: x=0.22; x=0.89; x=2.83; x=4.35, and x=4.86. The same scale was

Figure 3. Velocity-vector for Gr=3.75 x 10* and Ha =0 (without magnetic field). () In the enclosure,
(b) in the X-Z plane, and (c) in the X-Y plane.
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cold wall

()

Figure 4. Velocity-vector for Gr=3.75 x 10* and Ha = 50 (with magnetic field Bx). (a) In the enclosure
and (b) in the X-Z plane.

chosen for all predictions. It is clear from these figures that the velocity field is
strongly reduced in the presence of a magnetic field. In the absence of the magnetic
field Ha =0, the velocity vectors over the hot wall are directed upward, those near
the cold wall are directed downward, and those near the side walls are larger than
those in the central region. They show a very important three-dimensional unicellu-
lar convective circulation, which is clearly reduced if a magnetic field is applied longi-
tudinally (Figure 4) and reduced most strongly to a two-dimensional convective
circulation if a magnetic field is applied vertically (Figure 5). At Ha = 50, if the mag-
netic field is oriented vertically, the magnitude of velocity vectors are almost equal
everywhere. Figure 3¢ shows a basic unicellular circulation from the cold wall
toward the hot wall in the lower part of the enclosure and from the hot wall toward
the cold wall in the upper part of the enclosure. The flow exhibited Centro symmetry
with respect to the almost diagonal straight line. On each side of the diagonal, a
parabolic velocity profile is shown in which the maximum velocity increases away
from the isothermal end walls and decreases closer to them. This profile locates
the vortex core at the middle of the cavity. In this study, the comportment of velocity
profiles is in good agreement with that found by Aleksandrova and Molokov [8].
Vectors velocity have their maxima near the middle of the cavity where the flow is
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Figure 5. Velocity-vector for Gr=3.75 x 10* and Ha = 50 (with magnetic field By). () In the enclosure
and (b) in the X-Z plane.

fully developed, and the velocity is significantly reduced closer to the ends of the
cavity where the flow turn occurs.

Figures 6a and 6b illustrate the variation of the w-component of velocity in the
x-y plane at z=0.25 for two directions of the magnetic field (Bx and By). Compari-
son between these two figures shows that a remarkable modification of the structure
of the flow exists when the direction of magnetic field changes. With a vertically
magnetic field, the w-velocity component decreases faster in the core region and
two almost antisymmetrical maxima of velocity are apparent near the vertical side
walls. However, with the longitudinally magnetic field, two recirculations appear
in the enclosure and the magnitude of velocity in the core is still important. In order
to obtain the similar effect of the vertical magnetic field (Ha = 50) on the flow, a
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¥ 7
b ’
B

(b)

Figure 6. Velocity-vector of the w-velocity for Gr=3.75 x 10* and Ha = 50 (with magnetic field). («) The
magnetic field By is oriented in the y-direction and (b) the magnetic field Bx is oriented in the x-direction.

greater value of Ha (>50) must be used in the longitudinal direction of magnetic
field. This is in good agreement with results found by Benhadid and Henry [2],
who show that the damping effect for Ha =200 in the longitudinal direction was
similar to that for Ha=100 in the vertical direction in the case of cavity with an
aspect ratio 4 x 1 x 1.

Figure 7 presents some particle tracks on the enclosure for various Hartmann
numbers. In the absence of the magnetic field, the flow pattern shows the irregular
three-dimensional flow due to pure buoyancy convection (Ha =0) (Figure 7a). By
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(¢) Ha =50

Figure 7. Some particle tracks for Gr = 3.75 x 10* (with and without magnetic field). («) Without magnetic
field; (b) the magnetic field By is oriented in the y-direction; and (c) the magnetic field Bx is oriented in the
x-direction.

increasing the Hartmann number Ha, the three-dimensional flow becomes more
organized; in effect, for Ha = 50 the flow is more regular, while the tangential growth
flow near the lateral walls is approximately insensitive to the direction of the
magnetic field. Therefore, the effect of the direction of the magnetic field on the
three-dimensional flow is essentially in the center of the enclosure.

5.2. Potential and Electrical Structures

Figure 8a presents the electric potential field at Ha = 50 for the longitudinal mag-
netic field. In this case, the directly induced electric current comes principally from
interaction with the vertical velocity component, mainly near the sidewalls and the
end walls. The potential is antisymmetric with respect to the middle x-y plane; it is also
of opposite signs in the right and left parts of the enclosure. Figures 8) and 9 present,
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(»

Figure 8. Iso-surfaces of electric potential for Gr=3.75 x 10* and Ha = 50. (¢) The magnetic field By is
oriented in the y-direction and (b) the magnetic field Bx is oriented in the x-direction.

respectively, the perspective of the electric potential and current density vector in some
planes of x constant for the vertical magnetic field. There is a rotating current circu-
lation created by vertical gradients of electric potential, and this potential also creates
horizontal currents near the corners. A very good similarity can be observed with the
results of Benhadid and Henry [2] and Aleksandrova and Molokov [8].

5.3. Thermal Structure

The isotherms for the enclosure without a magnetic field are shown in Figure 10a.
A strong convection is indicated by distorted isotherms within the enclosure.
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Figure 9. Electric currents for Gr=3.75 x 10* and Ha= 50 (here, the magnetic field By is oriented in the
y-direction).

With application of the magnetic field, thermal stratification in the core of the
enclosure is destroyed and the isotherms become parallel to the vertical walls,
indicating the dominance of the conduction regime, as shown in Figures 10» and
10c. Also, isotherms in the vertically oriented magnetic field case are the least dis-
torted, implying reduced convective heat transfer, as compared to the longitudinally
orientation.

5.4. Local and Average Nusselt Numbers

The iso-contours of the local Nusselt number on the hot wall of the enclosure
represented in Figure 11 show that the variations according to y-direction are atte-
nuated in the presence of the magnetic field. This involves an important two-dimen-
sionalization of heat transfer. At Ha=0 (Figure 11a), the maximum value of the
local Nusselt number (defined as Nu = —07/0x is 1.80, decreases to 1.4 for
Ha =45 when the magnetic field is longitudinal (Figure 115), and to 1.0 for
Ha =45 when the magnetic field is vertical (Figure 11¢), which signifies that the
vertical magnetic field reduces the heat transfer more than the longitudinal one,
and is the same tendency as the experimental observation [16]. This result is in good
agreement to that found by Kolsi et al. [17]. The iso-contours on the wall compare
favorably with experimental measurements [20].

When the magnetic field is oriented vertically, Figures 12a—12¢ show the varia-
tions of #max, Vmax» and wh. and Figure 13 illustrates the average Nusselt number
Nu,,, with the Hartmann number Ha for four cases considered here. Case 1: all
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(c) Ha= 50

Figure 10. Iso-surfaces of temperature for Gr=23.75 x 10* (with and without magnetic field). (¢) Without
magnetic field, (b) the magnetic field By is oriented in the y-direction, and (c¢) the magnetic field Bx
is oriented in the x-direction.

walls are electrically insulating; case 2: only the vertical walls (x=0 and x=15) are
electrically conducting; case 3: only the horizontal walls (y =0 and y =1) are electri-
cally conducting; and case 4: only the frontal walls (z=0 and z = 1.3) are electrically
conducting. We can see from Figures 12 and 13 that the convection is best damped
when the frontal walls are electrically conducting (z=0 and z =1.3). This is because
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Figure 11. Iso-contours of the local Nusselt number on the hot wall for Gr=3.75 x 10*. (¢) Without
magnetic field, Ha=0; (b) the magnetic field Bx is oriented in the x-direction, Ha=45; and (c¢) the
magnetic field By is oriented in the y-direction, Ha =45.

the wall electrical conducting leads to a lower source or to higher sink terms in the
momentum equations, depending on the flow direction, i.e., to an overall damping
of the flow. For example, at Ha =10 the average Nusselt number is 1.45 for case 1
and 1.40 for case 4.

Concerning the effect of the electroconductivities of the wall, the values of the
average Nusselt number obtained between the present work and the numerical
results of Tagawa and Ozoe [21] are shown in Table 1. A small difference between
these values is obtained.

5.5. Comparison between Experimental and Numerical Results

A quantitative comparison between experimental results obtained by Hof et al.
[14] and our numerical simulations was performed, using the determination of the ver-
tical temperature difference Apmig = (Amia(Ha)/Amia(Ha = 0)) with Apqg = 72 — T5,
and the longitudinal temperature difference Ajong = (Ajong(Ha)/Ajong(Ha = 0)) with
Aiong = T3 — T'1 (Figure 14a) for two magnetic fields orientations: vertical and
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vmax

(¢)

Figure 12. Variation of #ax, Vmax> and wpax with the Hartmann number at Gr=3.75 x 10* for different
cases. Case 1: all walls are electrically conducting; case 2: only the vertical walls are electrically conducting;
case 3: only the horizontal walls are electrically conducting; and case 4: only the frontal walls are
electrically conducting. (@) Umax; (b) Vmax; and (¢) Wiax.
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Figure 13. Variation of the average Nusselt number Nu,,, with the Hartmann number Ha for different
cases. Case 1: all walls are electrically conducting; case 2: only the vertical walls are electrically conducting;
case 3: only the horizontal walls are electrically conducting; and case 4: only the frontal walls are
electrically conducting; at Gr=3.75 x 10*,
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Table 1. Comparison between our numerical results and those of Tagawa and Ozoe [21]

Ra Pr Ha Nugyg
Present work 10° 0.025 100 1.120
Tagawa and Ozoe [21] 10° 0.025 100 1.235

Here, the magnetic field is oriented in the x-direction and all walls are perfectly electri-
cally conducting. Ra is the Rayleigh number.
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Figure 14. (a) Positions of the thermocouple probes in the temperature difference, used in the experimental
study of Juel et al. [14]; (b) comparison between our predictions and experimental results [14] of the
variation of the vertical temperature difference with the Hartmann number (Gr=3.75 x 10%: and
(¢) comparison between our predictions and experimental results [14] of the variation of the longitudinal
temperature difference with the Hartmann number (Gr=3.75 x 10%).

longitudinal, with Gr = 3.75 - 10* and Pr=0.019. As shown in Figures 145 and 14c,
a good agreement between the experimental data and our numerical results is
obtained.

6. CONCLUSION

A three-dimensional numerical study of a low-Prandtl number fluid flow inside
a rectangular enclosure under an external magnetic field in either the vertical or
longitudinal direction has been carried out. The geometry considered here is related
to crystal growth by a horizontal Bridgman configuration. The finite-volume method
has been used to discretize the mathematical model. The main results are as follows.

e A good agreement between numerical and experimental data was obtained during
code validation.



Downloaded by [University of Illinois Chicago] at 17:05 14 November 2014

NATURAL CONVECTION IN BRIDGMAN CONFIGURATION 75

An increase in the strength of the magnetic field causes the flow to evolve both
in magnitude and in form.

The intensity of the flow is reduced in two cases, so a regularization of the
three-dimensional spiraling flow is observed in the core of the enclosure.

In the absence of the magnetic field, the flow pattern shows the irregular
three-dimensional flow due to pure buoyancy convection.

In the presence of the magnetic field, the flow is more regular.

The decrease of the flow is stronger for the vertical field orientation (transverse to
the temperature gradient) and weaker for the longitudinal one (aligned with the
temperature gradient).

With the application of the magnetic field, thermal stratification in the core of the
enclosure is destroyed and the isotherms become parallel to the vertical walls.
The convection is best damped when the frontal walls are electrically conducting.

In conclusion, the results indicate that the flow can be controlled via a good

choice of strength and direction of the magnetic field, as well as of the electric
conductivity of the enclosure walls.
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