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The present work deals with magnetoconvection of molten gallium in a cuboid rotating about a vertical
axis passing through its center. The governing equations are derived in a non-inertial frame of reference
considering both centrifugal and Coriolis forces. A vertical magnetic field is applied through the center
opposite to the direction of gravity. The cuboid is heated from below and cooled at top, while the remain-
ing walls of the cuboid are thermally insulated. The modified Marker and Cell method is adopted for the
numerical solution of the governing equations. The gradient dependent consistent hybrid upwinding
scheme of second order is adopted for the discretization of the convective terms in the momentum equa-
tions. The operator splitting algorithm is used for the numerical treatment of the energy equation. The
effects of cavity rotation and applied magnetic field on heat and momentum transport processes have
been investigated. The uniform thorough mixing of fluids by rotation and regularization of flow by mag-
netic field are observed. The governing flow field and temperature distribution are shown graphically to
elucidate the intricate physics of the phenomenon.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The convective motion of electrically conducting fluids in the
presence of an external magnetic field is known as magneto-con-
vection. The conducting fluids are plasma or molten metal, which
are influenced by the Lorentz force induced by the applied mag-
netic field. Well-established literature is available on magneto-
convection. Ozoe and Okada [1] have studied three dimensional
magneto-convection in a cubical enclosure. They have examined
the effect of the direction of applied magnetic field on magneto-
convection, and have concluded that a transverse magnetic field
is more effective than an orthogonal magnetic field. Garandet
et al. [2] have studied the effect of a transverse magnetic field on
buoyancy driven convection in a rectangular enclosure. Albous-
sière et al. [3,4] have used an asymptotic approach, and found that
the damping effect is the weakest when the applied magnetic field
is horizontal and parallel to the hot wall. BenHadid and Henry [5]
have studied numerically three dimensional horizontal Bridgman
configurations under the action of a constant magnetic field. Many
experimental works exist on magneto-convection. Hurle [6] and
Hurle et al. [7] have experimentally investigated the damping
effect of a magnetic field on thermally induced buoyant convec-
tion. They have noticed that, thermal oscillation gets reduced with
application of a magnetic field perpendicular to the main convec-
tive flow. Okada and Ozoe [8] have experimentally measured the
heat transfer rate of molten gallium, which is suppressed under
an external magnetic field. They have validated what was found
in their earlier numerical works (Ozoe and Okada [1]). Davoust
et al. [9] have experimentally studied the effect of magnetic damp-
ing on a horizontal cylinder filled with mercury subjected to a ver-
tical magnetic field. They validated their experimental results with
the earlier numerical work of Alboussière et al. [3]. Juel et al. [10]
have studied, both experimentally and numerically, the damping
effect of magnetic field on buoyant convection. They have mea-
sured vertical temperature gradient in molten gallium in the pres-
ence of an applied horizontal temperature gradient in a rectangular
cavity and have achieved a good agreement between numerical
and experimental results. Juel et al. [11] have also studied the free
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Nomenclature

B magnetic field, (Wb.m�2)
Cp specific heat capacity, (J kg�1 K�1)
E electric field, (V m�1)
FEM electromagnetic body force per unit volume, (N m�3)
g acceleration due to gravity, (m s�2)
Ha Hartmann number
J current density, (A m�2)
i; j; k nodal index in X; Y ; Z direction
k thermal conductivity, (W m�1 K�1)
L length of the cavity, (m)
Nu Nusselt number
Nu average Nusselt number
n̂ unit normal vector
Pr Prandtl number
P dimensionless pressure
Ra Rayleigh number
Rax rotational Rayleigh number
T absolute temperature (K)
Ta Taylor number
t dimensional time (s)
x; y; z dimensional coordinate system
X; Y ; Z dimensionless coordinate system

u; v; w dimensional velocity, (m s�1)
U; V ; W dimensionless velocity

Greek Symbols
b coefficient of thermal expansion, (K�1)
a thermal diffusivity, (m2 s�1)
H dimensionless temperature
l dynamic viscosity , (kg m�1 s�1)
m kinematic viscosity, (m2 s�1)
s dimensionless time
q density
X magnitude of angular rotation rate
qe charge density, (C m�3)
u electric potential, (V m�1)
re electrical conductivity of the medium, (X�1 m�1)
U dimensionless electric potential

Subscripts
H higher
L lower
0 reference
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convection of molten gallium. Hof et al. [12] have studied the rela-
tionship between the orientation of magnetic field and damping.
Hof et al. [13] also experimentally studied the magnetohydrody-
namic damping of oscillations in low Prandtl number convection.
They have noticed that the critical temperature difference required
for onset of oscillations varies exponentially with applied magnetic
field. Kenjereš and Hanjalić [14] have simulated the magnetic con-
trol of heat transfer in thermal convection. They have reported the
effects of orientation and distribution of an external magnetic field
on the reorganization of convective structures and heat transfer in
thermal convection. They have observed laminarization due to the
applied magnetic field. Güray and Tarman [15] have studied ther-
mal convection in the presence of a vertical magnetic field. They
have used the Legendre–Lagrangian polynomial interpolants for
expanding all flow variables except pressure.

The flow is affected by both Coriolis and centrifugal forces with
the rotation of the container containing fluids. The literature per-
taining to rotational fluid dynamics is well documented. Niler
and Bisshopp [16] are pioneers in the study of influence of a Cori-
olis force on the onset of thermal convection. They have noticed
that for a high value of Taylor number, viscous forces are dominant
in the vicinity of the boundary and the critical Rayleigh number for
onset of convection is independent of the nature of the boundary
(whether rigid or free). Veronis [17] has studied the Bénard con-
vection in rotating fluid and has noted the effect of Prandtl number
on flow and thermal structures. Küppers and Lortz [18] have car-
ried out research on transition from laminar to turbulent convec-
tion in a rotating layer of fluid. They have determined the
maximum value of the Taylor number above which the convection
becomes unstable and shifts from laminar to turbulent. Rossby
[19] has experimentally studied the subcritical instability in a
rotating water and air layer. He has noted that the Taylor number
range in which instability is observed and has shown the relation-
ship between Nusselt number and Taylor number. The Nusselt
number increases with an increase in Taylor number for water,
but for air it decreases with an increase in the Taylor number. Hun-
ter and Riahi [20] have analytically studied nonlinear convection in
a rotating fluid layer. They have found a non-monotonic relation-
ship between the Nusselt number and the Taylor number. Clever
and Busse [21] have shown that the critical Rayleigh number for
onset of oscillatory motion increases with an increase in the Taylor
and Prandtl numbers. All the above works pertain only to an infi-
nite bounded horizontal layer of fluid subjected to an unstable ver-
tical temperature gradient. Hudson et al. [22] and Tang and
Hudson [23] have studied the convection of silicone oil in a bottom
heated vertical closed circular cylinder rotating about its axis. They
have noticed that the Nusselt number increases with an increase in
the angular velocity of the cylinder. Búhler and Oertal [24] have
conducted experimental, analytical and numerical studies to inves-
tigate the thermal convection in a rotating rectangular shallow box
heated from below. They have used the linear stability analysis to
predict the onset of steady and oscillatory convection. The forma-
tion of rolls and change of roll orientation with Taylor number was
determined numerically. They have shown the flow structures at
various Rayleigh and Taylor numbers from their experimental
results. Chew [25] has numerically simulated the laminar flow in
a rotating cavity. Busse and Or [26] and Or and Busse [27] have
studied the effect of rotation on natural convection in a vertical
annulus with differentially heated vertical side walls. Their results
are relevant to processes in the cores of the Earth and the stars.
Pfotenhauer et al. [28] have experimentally studied the effect of
rotation and the geometry of the finite cylindrical cavity on the sta-
bility and heat transfer for low temperature liquid helium. Condie
and Griffiths [29] have experimentally observed the unusual flow
circulation for a rotating horizontal layer of water. They have pro-
posed the model for ocean circulation from their results. Lee and
Lin [30] have studied the transient three dimensional convection
of air in a differentially heated rotating cubic cavity. They have
numerically examined the importance and effect of centrifugal
force, Coriolis force and buoyant force on free convection in a dif-
ferentially heated cubic cavity. They have noticed that the increase
in the Coriolis force decelerates the flow near the walls and reduces
the heat transfer. Recently, Mandal and Sonawane [31] have stud-
ied the flow inside a differentially heated rotating cavity. They
have performed a comparative study between the flow in inertial
and non-inertial frames.



Fig. 1. Schematic arrangement.
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Rotational convection in a fluid in the presence of a magnetic
field makes the flow more realistic and complex. This type of flow
is found in planetary cores and stellar interiors. Planetary magnetic
fields are generated by dynamo action occurring in the planets
core. Chandrasekhar [32] is the pioneer in this field of research.
He has analytically studied the instability of a rotating layer of fluid
heated from below in the presence of a magnetic field. He has dis-
covered that, the dynamics of convection in a low Prandtl number
electrically conducting fluid is affected by the contradictory effect
of the external magnetic field and the reinforcing effect of rotation.
Nakagawa [33] has experimentally studied the instability in a layer
of mercury heated from below in a rotating cylinder under the
influence of a magnetic field. He has observed discontinuity in
the induced cell size with an increase in magnetic field strength.
Soward [34] has studied the stability of an electrically conducting
Boussinesq fluid confined between two rotating horizontal planes,
heated from below in the presence of an applied magnetic field.
They have noticed the magnetic instabilities in addition to usual
thermal instability. Aurnou and Olson [35] have experimentally
measured heat transfer in liquid gallium heated from below, sub-
jected to the combined action of rotation and an uniform vertical
magnetic field in a rectangular cavity. They have noticed that for
rotating magnetoconvection, the convective heat transfer is inhib-
ited by rotation at supercritical Taylor number. In their experimen-
tal result, they have noticed that the critical Rayleigh number
linearly increases with an increase in magnetic field intensity. They
have observed coherent thermal oscillation near the onset of con-
vection for moderate rotation rates. The frequencies of oscillation
are close to the frequencies of rotation, which is the indication of
inertial driven convection. Gillet et al. [36] have, both experimen-
tally and numerically studied the convection in a rapidly rotating
spherical shell. They have used both water and gallium as working
fluids. Schrinner et al. [37] have performed direct numerical simu-
lations of rotating magnetoconvection and the geo-dynamo. They
have studied magnetoconvection in rotating spherical shell.
Mean-field theory is used for the above study, which describes
magnetohydrodynamic processes leading to large-scale magnetic
fields in various cosmic objects. Liu [38] has experimentally stud-
ied the magneto-rotational instability (MRI) in liquid metal. They
have performed the simulation with an electrically insulated
boundary and no slip boundary condition at the solid walls. They
have concluded that the strong magnetic field suppresses the
MRI. Rieutord and Rincon [39] have discussed rotating MHD
Rayleigh–Bénard convection in their research about the super-
granulation theory of the sun. Recently, Sreenivasan and Jones
[40] have studied rotational magnetoconvection in their investiga-
tion during helicity generation and subcritical behavior in rapidly
rotating dynamos. Gubbins et al. [41] have used the rotational
MHD model to study the melting of the Earth’s inner core.

All the above studies describe the astronomical and geophysical
applications of rotational magnetoconvection. But, apart from this,
rotational magnetoconvection has wide industrial applications
like, weakening of the buoyancy-driven fluctuations which modify
the shape of interfaces, solidification during crystal growth, pro-
cessing of molten materials, etc. Mikelson and Karklin [42], Kim
et al. [43] and Galindo et al. [44] have given a detailed description
about the influence of magnetic field on crystal growth process.
Lan et al. [45] have shown the effect of ampoule rotation on crystal
growth. They have concluded that the rotation can dampen three
dimensional flows. The objective of the present study is to study
the effect of a vertical magnetic field on rotational Rayleigh–
Bénard convection in a cubical enclosure. In such a condition, the
onset of flow depends upon the relative magnitude of Lorentz,
gravity, Coriolis and centrifugal forces. The present study has
investigated the formation of coherent and non-coherent struc-
tures and their role on momentum and heat transport in rotational
convection. This also depicts the influence of magnetic field on
flow stabilization, which has a lot of applications in crystal growth
processes.

2. Mathematical formulation and governing equations

Fig. 1 represents the schematic diagram of the cube filled with
molten gallium, which is under consideration. The bottom wall of
the cube is at a higher temperature TH and the top wall is at a lower
temperature TL, while the side walls are thermally insulated. The
cube is rotating with constant angular speed ðXÞ in the anticlock-
wise direction about the vertical axis passing through its center
of gravity. A vertical magnetic field ðB0Þ is applied anti parallel to
gravity. All walls of the cube are electrically insulated. All the
thermo-physical properties are assumed to be constant except
the density, which linearly varies with temperature in buoyancy
and centrifugal terms, i.e., Boussinesq approximation is assumed.
The flow is assumed to be laminar, incompressible and Newtonian
in the working range of parameters. The equation of state for the
fluid is expressed as

q ¼ q0 1� b T � TLð Þð Þ ð1Þ

The electromagnetic body force working on the fluid due to the
applied magnetic field is expressed as

F
!

EM ¼ qe E
!þ J

!� B
! ð2Þ

The ratio of electrostatic force to Lorentz force is negligible for
engineering applications as described by Sutton and Sherman
[46]. Hence, the electromagnetic force is expressed as

F
!

EM ’ J
!� B

! ð3Þ

The interaction between the applied magnetic field and the flow
field results in an induced current density. For small magnetic
Reynolds numbers, the induced current density is expressed by
Ohm’s law as follows

J
!¼ re �ruþ V

!� B
!� �

ð4Þ

The induced current satisfies the conservation of electric charge,
which is expressed as

r � J
!¼ 0 ð5Þ

It is assumed that the induced magnetic field is small compared
to the applied magnetic field and it does not distort the applied
magnetic field appreciably and hence it is neglected. The following
relations are used to make the variables dimensionless.



Table 1
Grid sensitivity analysis (Ra ¼ 102 ;Rax ¼ 106; Ta ¼ 102;

Ha ¼ 25).

Mesh size Nu

31� 31� 31 3.8702
41� 41� 41 3.8841
51� 51� 51 3.8670
61� 61� 61 3.8664
71� 71� 71 3.8659

Table 2
Comparison of average Nusselt number with Ozoe and Okada [1],
(Pr ¼ 0:054).

Ra Ha Nu Nu

Ozoe and Okada [1] Present study

106 100 4.4577 4.4522

106 200 2.9168 2.9108

107 100 9.655 9.5872

Table 3
Comparison with Lee and Lin [30] (Ra ¼ 102 ;Rax ¼ 106; Ta ¼ 102 ;

Pr ¼ 0:7).

Lee and Lin [30] Present study

Uj jmax 123.94 123.6122
Vj jmax 89.54 89.4937
Wj jmax 22.25 22.1831

Nu 3.926 3.9248
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X;Y; Z ¼ x; y; z
L

; U;V ;W ¼ u; v;w
a=L

; s ¼ t

L2=a
;

H ¼ T � TL

TH � TL
; U ¼ u

aB0

The governing equations are expressed in dimensionless form
as follows

Mass continuity

@U
@X
þ @V
@Y
þ @W
@Z
¼ 0 ð6Þ

X Momentum

@U
@s
þ @U2

@X
þ @VU

@Y
þ @WU

@Z
¼ � @P

@X
þ Pr

@2U

@X2 þ
@2U

@Y2 þ
@2U

@Z2

 !

þ 2Ta0:5PrV � RaxPrXH

� Ha2Pr U þ @U
@Y

� �
ð7Þ

Y Momentum

@V
@s
þ @UV

@X
þ @V2

@Y
þ @WV

@Z
¼ � @P

@Y
þ Pr

@2V

@X2 þ
@2V

@Y2 þ
@2V

@Z2

 !

� 2Ta0:5PrU � RaxPrYH

� Ha2Pr V � @U
@X

� �
ð8Þ

Z Momentum

@W
@s
þ @UW

@X
þ @VW

@Y
þ @W2

@Z
¼ � @P

@Z
þ Pr

@2W

@X2 þ
@2W

@Y2 þ
@2W

@Z2

 !

þ RaPrH ð9Þ

Neglecting radiation, viscous dissipation and internal heat gen-
eration, the dimensionless form of the energy equation is
expressed as

@H
@s
þ @UH

@X
þ @VH

@Y
þ @WH

@Z
¼ @2H

@X2 þ
@2H

@Y2 þ
@2H

@Z2

 !
ð10Þ

The dimensionless form of the equation for induced electric
potential is expressed as

@2U

@X2 þ
@2U

@Y2 þ
@2U

@Z2 ¼
@V
@X
� @U
@Y

ð11Þ

where the dimensionless variables are expressed as

Pr ¼ m
a
; Ha2 ¼ B2

0L2re

qm
; Ta ¼ X2L4

m2

Ra ¼ gbL3 TH � TLð Þ
ma

; Rax ¼
X2bL4 TH � TLð Þ

ma
The initial and boundary conditions are described as below

At s ¼ 0; U ¼ V ¼W ¼ 0; H ¼ 0 8 � 0:5 < X; Y; Z < 0:5

For s > 0

U ¼ V ¼W ¼ 0; H ¼ 1; at Z ¼ �0:5
U ¼ V ¼W ¼ 0; H ¼ 0; at Z ¼ þ0:5

U ¼ V ¼W ¼ 0;
@H
@Y
¼ 0; at Y ¼ �0:5

U ¼ V ¼W ¼ 0;
@H
@X
¼ 0; at X ¼ �0:5

The walls of the enclosure are considered to be electrically
insulated, so the boundary condition for electrical potential at an
insulated boundary is expressed as
@U
@n̂
¼ 0 at X ¼ �0:5; Y ¼ �0:5 and Z ¼ �0:5

Heat transfer from the thermally active walls is expressed in
terms of the Nusselt number. The local Nusselt number is
expressed as

Nu ¼ � @H
@Z

����
Z¼�0:5

ð12Þ

The total Nusselt number is expressed as

Nu ¼
Z 0:5

Y¼�0:5

Z 0:5

X¼�0:5
� @H
@Z

dXdY
����
Z¼�0:5

ð13Þ
3. Solution technique

It is observed from the previous section that the governing
equations are highly nonlinear in nature and are coupled through
their source terms. As no closed form solution exists, their solu-
tions through numerical schemes are reported in the present work.
The modified Marker and Cell (MAC) method developed by Hirt
and Cook [47] is used to solve the mass continuity and momentum
equations. The investigation by Kim and Benson [48] suggests the
significance of MAC method for accuracy and computational effort.
A partial staggered grid arrangement described by Vanka et al. [49]
is taken for the pressure and velocity correction. In the partially
staggered grid, pressure is calculated at the center of the control
volume, and all other scalar and vector variables are calculated at
the cell corners. A finite difference form of the governing equations
is derived by integrating the equations over an elementary control
volume. The equation for pressure is obtained by taking the diver-
gence of velocity across the elementary control volume such that
there is no net mass flow in or out of the control volume. The



Fig. 2. Isotherm distribution (Ra ¼ 105; Rax ¼ 0; Ta ¼ 0).

Fig. 3. Projection of flow lines and isotherms distribution at mid-plane (Ra ¼ 105;Rax ¼ 0; Ta ¼ 0;Ha ¼ 0).
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solution of pressure Poisson equation involves simultaneous itera-
tion on pressure and velocity components to obtain a divergence
free velocity field as described by Chorin [50]. In the pressure cor-
rection equation, the pressure correction in the neighboring cells
are set to zero, as described by Biswas (Muralidhar and Sundarara-
jan [51]). This is equivalent to solution of the full Poisson equation
for pressure shown by Brandt et al. [52]. The operator-splitting
algorithm (Issa [53]; Muralidhar et al. [54]) is used to solve the
energy equation. The operator-splitting algorithm properly identi-
fies the mixed mathematical character of the governing differential
equation and splits the equation into a series of homogeneous
components. The advection diffusion equation is hyperbolic in
nature when the diffusion part is neglected whereas it becomes
parabolic in nature when advection part is neglected. The operator
splitting algorithm neglects the diffusion term and solves the
advection part to get a predicted field, and again, by neglecting
the advection part, it solves the diffusion part by using the pre-
dicted value to obtain the correct field. False diffusion is absent
in case of operator-splitting algorithm as there is no upwinding
in the method. The governing differential equations (6)–(11) have
been discretized over an elementary control volume. The physical
domain is discretized into a non-uniform Tchebycheff grid
(Haldenwang [55]), with denser grid clustering near boundaries,
and a coarser mesh system in the core region. The resulting set
of discretized equations for each variable is solved by a line-by-line
procedure, combining the tri-diagonal matrix algorithm (TDMA).
SSOR pre-conditioning Hackbush [56] is used for accelerating the
convergence rates. In the present study, a gradient dependent



Fig. 4. Local heat flux distribution (Ra ¼ 105;Rax ¼ 0; Ta ¼ 0).

Fig. 5. Projection of flow lines and isotherms distribution at mid-plane (Ra ¼ 105;Rax ¼ 0; Ta ¼ 0;Ha ¼ 50).
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consistent hybrid upwind scheme of second order (GDCHUSSO) is
used for the discretization of the advection term in the flow
equations. In a five point stencil, the nonlinear convective term,
discretized using GDCHUSSO scheme is as follows:

@U2

@X

�����
i;j

¼ 1
4dX

Ui;j þ Ui;jþ1
� �

Ui;j þ Ui;jþ1
� �	

þI Ui;j þ Ui;jþ1
� ��� �� Ui;j � Ui;jþ1

� �
� Ui;j�1 þ Ui;j
� �

Ui;j�1 þ Ui;j
� �

�I Ui;j�1 þ Ui;j
� ��� �� Ui;j�1 � Ui;j

� �

ð14Þ

where, I is weighted average central and upwind differencing
factor. When I ¼ 0, and I ¼ 1, Eq. (14) is space centered and fully
upwind, respectively. Upwinding helps in suppressing the
oscillations but suffers from false diffusion, while central difference
helps to improve the accuracy but it suffers from instability. The
hybrid scheme discussed above is the combination of central differ-
ence and upwind schemes (Gentry et al. [57], Raithby and Torrance
[58], Roache [59]). The later is employed in the region where the
solution gradients are high and the former is used in the low gradi-
ent region. The value of I in the domain is selected based on the
gradient. Second order central difference scheme is adopted for
the diffusion terms. The overall accuracy of the solution is second
order in space. Simpsons 1/3rd rule of integration is used to evalu-
ate Eq. (13). A global tolerance of 10�7 is taken between successive
iterations for convergence. After a detailed discussion of adopted
numerical schemes and their solution procedures, the generated
code is subscribed with grid independence test along with valida-
tions against relevant earlier works.



Fig. 6. Isotherm distribution (Ra ¼ 102;Rax ¼ 106; Ta ¼ 102).

Fig. 7. Projection of flow lines and isotherms distribution at mid-plane (Ra ¼ 102;Rax ¼ 106; Ta ¼ 102;Ha ¼ 50).

Fig. 8. Local Heat flux distribution (Ra ¼ 102;Rax ¼ 106; Ta ¼ 102).
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Fig. 9. Projection of flow lines and isotherms distribution at mid-plane (Ra ¼ 102;Rax ¼ 107; Ta ¼ 102;Ha ¼ 50).

Fig. 10. Projection of flow lines and isotherms distribution at mid-plane (Ra ¼ 102;Rax ¼ 107; Ta ¼ 102;Ha ¼ 100).
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Fig. 11. 3D flow field (Ra ¼ 102;Rax ¼ 107; Ta ¼ 102).

Fig. 12. Projection of flow lines and isotherms distribution at mid-plane (Ra ¼ 106;Rax ¼ 102; Ta ¼ 107;Ha ¼ 100).
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4. Grid sensitivity study and validation

A grid sensitivity analysis is carried out, and the results
obtained are presented in Table 1. As per the grid independent test,
a mesh size of 51� 51� 51 has been adopted, in order to optimize
the computational effort with desired accuracy. Prior to discussion
of the obtained results, the numerical code has been tested and
validated with existing benchmark published work in the litera-
ture. The code for magnetoconvection is validated with Ozoe and
Okada [1], and the results are shown in Table 2. The code is also
validated with the work of Lee and Lin [30] for natural convection
in a three dimensional differentially heated rotating cavity, and the
results are presented in Table 3. It is clearly shown that the
obtained results from the current numerical code are in good
agreement with the earlier cited works.

5. Results and discussion

In the present study, 3D natural convection of molten gallium in
a rotating cubical cavity in the presence of a magnetic field is sim-
ulated. It is seen from the governing equations that, the flow is gov-
erned by Prandtl number (Pr), Rayleigh number (Ra), rotational
Rayleigh number (Rax), Taylor number (Ta) and Hartmann number
(Ha). Although the computations can be performed for any combi-
nation of parameters, the present study is restricted to the analysis
of rotation and magnetic field on convection. The interaction of
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centrifugal, Coriolis and magnetic forces with the buoyant force
is delineated through the numerical simulation. Molten gallium
is taken as the working fluid, hence the Prandtl number
(Pr ¼ 0:025) is kept fixed. Ra; Rax and Ta are systematically varied
from 102 to 107 to understand the dominating behavior of each
source force against another. The Hartmann number is varied from
Ha ¼ 0 to Ha ¼ 100 to simulate the effect of magnetic damping.
Isotherm and flow line projection structures on mid plane have
shown. The projection of flow line in a particular plane is obtained
from the in-plane components of the velocity vectors at that plane.
For example, the projection of flow lines in X � Y plane is concep-
tualized from the U and V components of the velocity vectors in
that plane.

The case of pure buoyancy driven flow is examined for Ra ¼ 105

and Ra ¼ 106, keeping Rax ¼ 0 and Ta ¼ 0. The corresponding iso-
therm plot for Ra ¼ 105 is shown in Fig. 2. It is seen from Fig. 2 that,
in the absence of any external force, the buoyancy driven plume
starts emerging from the center of the bottom side and falls along
the vertical adiabatic wall. The corresponding sectional view of iso-
thermal and flow line distributions are shown in Fig. 3. It is seen
from the above figure that the buoyancy regulated flow is featured
by upward and downward streams. The energetic fluid plume
leaves the bottom hot plate at the central position and moves
upwards to strike the top cool plate where it releases the energy,
and again falls along the side walls. In the vicinity of insulated side
walls, weak recirculation cells are found towards the top portion.
This is clearly seen from Fig. 3b and c. Because of the formation
of these secondary cells, the cold fluid and hot fluid intermix
towards the upper half of the cavity. It is noticed from Fig. 3a, that
the hot fluid occupies at the central region, while the cold fluid is
pushed out radially, due to the interaction of buoyant action and
centrifugal action. As a consequence, a very interesting flow struc-
ture is noticed at Z ¼ 0. Fig. 3d, shows that, the upward moving hot
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Fig. 13. Power spectra of average Nusselt n
fluid is present in the central zone while the down ward moving
cold fluid is restricted to the corners of the mid plane. The isotherm
at the vertical mid plane is distorted like a mushroom head struc-
ture (Fig. 3e and f). The isotherms are compacted at the mid por-
tion of the top plate, indicating higher heat transfer rate at the
middle of the top plate and corners of the bottom plate. This is also
seen from the local Nusselt number distribution in Fig. 4a and c.
For Ra ¼ 106, in the absence of the magnetic field, the flow is cha-
otic in nature, which is also noticed by Tagawa and Ozoe [60].

The effect of magnetic field on non-rotating flow is examined by
gradual increment of the applied magnetic field. It is seen from
Fig. 2b and c, that the heat transfer asymptotically approaches
the conduction mode with increase in the magnetic field. In the
case of Ra ¼ 105 and Ha ¼ 100, the energy is almost transferred
in a conduction mode. This is also evident from the local heat flux
distribution (Fig. 4b and d). The sectional view of the isotherms
and flow lines for Ra ¼ 105 and Ha ¼ 50 is shown in Fig. 5. As the
magnetic field is applied in the Z direction, the hydromagnetic drag
acts along the X and Y directions, which decelerates the intensity of
flow field in the respective direction. This is also seen from the four
quadrature symmetric flow structure in the XY plane at Z ¼ 0
(Fig. 5a). The flow becomes center seeking. The induced Lorentz
force J � B, acts more unevenly on the bulk flow than on the insu-
lated side walls. The side walls are electrically insulated, so the Lor-
entz force is less effective near the side walls. So, for Ha ¼ 50, the
flow distribution near the side walls in the ZX and YZ planes are
similar to that of Ha ¼ 0 (Figs. 3b and c and 5b and c). Although,
similarity is retained, the magnitude of the flow reduces. The dis-
torted isotherms are gradually stratified as seen from Fig. 5e and
f. The high temperature thermal plume at the central part is
restricted to a narrow zone (Fig. 5d). The oscillatory character of
flow at Ra ¼ 106, gradually attenuates with increases in the mag-
netic field strength. For Ha ¼ 50, a steady state flow structure is
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noticed for Ra ¼ 106. Increase in magnetic field causes laminariza-
tion of the flow. The damping of flow is stringent near the heated
bottom wall.

The case for a rotational buoyancy dominated flow is shown in
Fig. 6, where thermal Rayleigh number (Ra ¼ 102) and Taylor num-
ber (Ta ¼ 102) and rotational Rayleigh number is Rax ¼ 106. As the
rotational buoyancy dominates over the thermal buoyancy the
flow is characterized by azimuthal swirl. The sectional view for
Ha ¼ 50 is shown in Fig. 7. It is seen from the above figure that,
the hot fluid rises from the center of the bottom plate and falls
along the insulated side walls to complete the meridional circula-
tion. The flow maintains an isotropic symmetry about the axis of
rotation as per Proudman–Taylor theorem (Fig. 7b and c). The flow
structure at Z ¼ 0 plane is shown in Fig. 7a. It is seen from the
above figure that, the flow radially approaches the center of the
cavity in the horizontal planes. In the vertical cross section, the iso-
therms form a mushroom head structure (Fig. 7e and f). This indi-
cates that the center of the cavity is filled with hot fluid while the
relatively cold fluid occupies the vicinity of the insulated walls.
This phenomenon is also evident from the horizontal cross section
view of isotherms at Z ¼ 0 (Fig. 7d). With the increase in the mag-
netic field strength, the flow decelerates and the strength of con-
vection is reduced. Rotational buoyancy dominated flow is less
affected by magnetic force compared to non rotational case. This
is obvious from the fact that, the horizontal components of the
velocity get enhanced because of rotation which means the same
amount of the magnetic field which seizes the velocity compo-
nents in case of pure thermally-driven flow is not adequate to do
so in the case of rotationally buoyancy driven flow. It is seen from
Fig. 6c that at Ha ¼ 100, the isotherms are concavely oriented in
the cavity, indicating the existence of higher strength of rotational
convection. The kinetic energy is converted into magnetic energy
because of the complex interaction between Lorentz force and
the rotating fluids.
The local heat flux distribution is shown in Fig. 8. It is observed
from the above figure that, for a rotational buoyancy dominated
flow, most of the heat is transferred at the corners of the bottom
plate, while the heat transfer is maximum at the center of the cold
top plate. With rotational buoyancy force for Rax ¼ 107, the flow
becomes chaotic in the absence of magnetic field. The application
of magnetic field damps the oscillation and brings the flow into a
steady state. The case for Ha ¼ 50 is shown in Fig. 9. The isotherms
get crowded near the top plate at its center (Fig. 9e and f). The
magnetic field damping effect with Ha ¼ 100, is not adequate to
reduce heat transfer only to conductive mode in presence of rota-
tion (Fig. 8b and d). The center of the cavity is significantly hot
compared to the corners (Fig. 9d). This steep thermal gradient
forms multiple rotating structures in the horizontal planes, as seen
from Fig. 9a. The heat transfer characteristic is enhanced because
of the higher rotational Rayleigh number. The multi-cellular flow
structures in the horizontal mid-plane start to collapse, with
increase in the magnetic filed (Fig. 10a). The effect of magnetic field
on 3D flow structure in shown is Fig. 11. The chaotic flow field
become steady and regular with increase in magnetic field strength
from Ha ¼ 0 to Ha ¼ 50.

Thermal buoyancy force is basically responsible for vertical
movement of the fluid while the Coriolis force alters the horizontal
components of the velocity. When the strength of centrifugal force
is predominant, the horizontal component of velocities have higher
magnitude compared to that of vertical component of velocity. This
prevents the fluid to rise from center and forms a whirlpool struc-
ture at center. For Ta ¼ 107; Rax ¼ 102; Ra ¼ 106 and Ha ¼ 100,
the Coriolis force forms a circular rotation at the center of the cav-
ity as seen in Fig. 12a. This tries to orient the flow in the direction
of cavity rotation and performs the role of horizontal stirring. A
flower petal structured isotherm distribution is shown in the hor-
izontal plane at Z ¼ 0. Unlike the other cases, in this case the cold
fluid occupies the center and hot fluid occupies the corners



Table 4
Heat transfer record.

Ra Rax Ta Ha Nu

105 0 0 0 2.7971

105 0 0 25 2.5678

105 0 0 50 1.9183

105 0 0 100 1

106 0 0 50 6.3042

106 0 0 100 4.6174

102 106 102 0 4.0322

102 106 102 25 3.8669

102 106 102 50 3.3712

102 106 102 100 2.2121

102 107 102 50 7.5814

102 107 102 100 6.3264

106 102 107 100 4.2283
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(Fig. 12d). An inverted mushroom type flow structure is noticed in
vertical mid-planes (Fig. 12e and f).

Fig. 13c and d show the time variation of Nu at Z ¼ þ0:5 for
Ta ¼ 102; Rax ¼ 107; Ra ¼ 102. The corresponding power spec-
trum diagram is shown in Fig. 13a and b. Four dominating frequen-
cies, 37.79, 56.67, 75.29 and 94.41 are noticed in absence of
magnetic field. 37.79 and 56.67 are the fundamental frequencies
and the rest two are the linear combination of the said frequencies.
When magnetic field of strength Ha ¼ 25 is applied, three domi-
nating frequencies 32.97, 65.85 and 98.71 are identified, among
which 32.97 is the fundamental one and rest two are the integral
harmonic of the fundamental frequency. The power spectra and
dynamical evolution of Nu for Ta ¼ 107; Rax ¼ 102; Ra ¼ 106 is
shown in Fig. 14. In absence of magnetic field, the following set
of frequencies (21.51, 29.11, 43.65, 50.97, 57.08, 65.21, 72.57,
86.62) are noticed. 21.51 and 29.11 are the two fundamental fre-
quencies, where as rest are the linear combination of the above
two frequencies. For Ha ¼ 25, the following set of frequencies
(19.76, 39.41, 59.37, 78.96, 98.61, 118.2, 137.8) are noticed among
which 19.74 is the fundamental one. Further increase of magnetic
field strength, i.e. Ha ¼ 50, the set of frequencies reduced to follow-
ing values (14.64, 29.14, 43.97, 58.49). Increase in the magnetic
field strength dampens the oscillating convection and reduces
the frequency of oscillation, and with further increase in magnetic
field strength causes stabilization of flow to steady state. The aver-
age heat transfer record at steady state for all the cases are pre-
sented in Table 4. It is seen from the above table, that the heat
transfer increases with increase in the thermal and rotational
buoyancy force and monotonically decreases with increase in mag-
netic field strength.

6. Conclusions

The detailed dynamics of 3D Rayleigh–Bénard convection of
liquid gallium rotating in a cubical cavity in the presence of vertical
magnetic field is studied. The intricate interaction between the
thermal buoyant force, rotational buoyant force, Coriolis force and
magnetic force has been discussed at length in the previous section.
The following conclusions are outlined from the above study.

� The rotational Rayleigh number is found to significantly alter
the flow structure by increasing mixing which in turn enhances
the heat transfer. However, excess increase in the rotational
Rayleigh number makes the flow chaotic.
� The Coriolis force resulting from centrifugal action also signifi-

cantly affects the flow structure. It encourages horizontal stir-
ring of fluid. It counter-balances the buoyant convection and
decreases the heat transfer.
� The applied magnetic field provokes a regularization in the flow
field particularly at the core.
� The applied magnetic field continuously dampens the flow and

causes laminarization of the chaotic flow, consequently, the
heat transfer decreases.
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