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Abstract. A numerical study of buoyancy-induced convection current in a porous
container of square shape in the presence of a uniform magnetic 
ux is conducted. The
vertical wall situated on the left side is heated using two discrete heaters, and the constant
temperature is maintained on the right side. There is no thermal transfer through the
horizontal walls. Brinkman-Forchheimer Darcy-extended model was employed in this study.
The non-dimensional leading equations were evaluated using the �nite volume method. The
e�ects of di�erent values of the porosity, direction of the magnetic 
ux, Hartmann number,
Rayleigh number, and Darcy number were also evaluated. The results revealed that the
Hartmann number and average thermal energy transport were disproportionate to each
other as were the average heat transfer and Darcy number.
© 2022 Sharif University of Technology. All rights reserved.

1. Introduction

The analysis of buoyancy convection current and ther-
mal energy transportation inside a porous channel has
gained signi�cance over the last few decades due to
their many industrial and technological applications
such as water aquifer river, geothermal power stations,
exothermal from nuclear reactor, 
uidized bed reactors,
warehouse of grains, food preservation, and soil toxicity
prevention [1{3]. Several studies attempted to examine
convection current with thermal energy transportation
within porous media as well as the e�ects of buoyancy
convection current in a porous container using partial
heating. For instance, Sivasnakaran et al. [4] studied
the impacts of disconnected heating on the buoyancy
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convection current. They observed that the maximum
average energy transfer rate was obtained in the heater
located at the bottom rather than in the heater located
at the top. Beckermann et al. [5] experimentally and
numerically studied the steady state buoyancy convec-
tion in a rectangular enclosure partially treated with a

uid saturated porous medium. They reported that the

uid penetrating into a porous layer of high permeabil-
ity could a�ect the buoyancy convection 
ow patterns.

Sivshankaran et al. [6] numerically studied the
mixed convection in a square-shaped lid-driven cavity
with vertical walls of partially heating and cooling func-
tions. Three locations were considered in their study:
one parallel and two dissimilar ones. They found
that the parallel location maintained higher energy
transport than the dissimilar ones. Oztop et al. [7]
numerically examined the steady buoyancy convection
current in a partially open porous container. They
reported that upon increasing the Grashof number, the
local thermal energy transportation was enhanced. The
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novelty of this study lies in its proposal of methods for
inventing a cooling system for electronic components
under harmless functioning conditions. Alturaihi et
al. [8] examined the impact of porosity from a circular
bar with high temperature inside a square porous con-
tainer. They stated that an increase in the porosity and
thermal conductivity ratio would increase the thermal
energy transportation rate. Zaho et al. [9] numerically
investigated the double di�usive convection current in
a porous enclosure with partial heating and salting.
Janagi et al. [10] explored the buoyancy convection
current in a porous container of square size with sinu-
soidal heating e�ects. According to their �ndings, the
average thermal energy transportation rate increased
upon increasing the void fraction.

A number of authors have investigated the mag-
neto convection in a closed container with several
e�ects [11{16]. For instance, C�olak et al. [17] inves-
tigated the e�ect of partial heating (40% of length)
outcome on Magnetohydrodynamic (MHD) convective
current in a driven chamber. They found that the
mean Nusselt number in a reverse lid motion increased
by 57.2%, compared to that in a positive lid-driven
direction. Mondal and Mahapatra [18] explored the
e�ect of discrete heat and mass sources on MHD
double-di�usive convection current of nano
uid in a
trapezoidal chamber. Roy [19] explored the magneto-
convective stream of a hybrid nano
uid in a container
with multiple thermal sources in the bottom area. They
remarked that the mean Nusselt number increased due
to increase in the number of heat sources as well as
the angle of magnetic �eld. Sivasankaran et al. [20]
numerically examined the mixed convective current in
a lid-driven chamber of square shape encompassing the
magnetic �eld. According to their �ndings, the mag-
netic induction a�ects the stream and energy transfer.

The signi�cance of a magnetic �eld for the buoy-
ancy convection current in a porous container lies
in its applications as in nuclear fuel wastes, freezing
of metal alloys, and geothermal reservoirs [21{25].
Khan et al. [21] investigated the combined energy and
mass transport in steady MHD 
ow of viscoelastic

uid with stretching porous walls of a channel. As
shown earlier, a rise in the combined parameter value
and Reynolds number would consequently increase the
temperature and concentration pro�les. Chamkha et
al. [22] explored the magneto convection inside a porous
container. Niranjan et al. [23] took into consideration
the Soret Dufour e�ects and studied the MHD 
ow
of a viscous 
uid towards a (vertical) porous plate.
They found that an increase in the value of Dufour
parameter would increase the temperature and velocity,
and the consequent enhancement of chemical reaction
parameter would decrease the concentration pro�les.
Jasim [24] studied the buoyancy convection current
inside a cylindrical annulus containing a magnetic 
ux.

He declared that an increase in the magnetic 
ux would
decrease the average Nu. Giwa et al. [25] evaluated the
impact of magnetic 
ux on the buoyancy-driven con-
vection current containing nano
uid. Gha�arpasand
and Fazeli [26] invented the outcome of the magnetic
�eld on the mixed convection of nano-liquid in a non-
Darcian porous chamber.

Ahmed and Rashed [27] found that an increase
in Hartmann number and a decrease in Darcy number
blocked the liquid movement while increasing the heat
transfer. Sheikholeslami et al. [28] explored the Elec-
trohydrodynamics (EHD) radiative convective current
of nano-liquid in a porous chamber. They found
that convection declined with a rise in Hartmann
number. B�eg et al. [29] inspected the MHD Marangoni-
convection in a Darcy porous rectangular chamber
with internal temperature generation. Ali et al. [30]
explored the MHD (mixed) heat transfer of (Cu-water)
nanoliquid in a trapezoidal porous container due to a
circular solid cylinder. They observed that the averaged
Nu number declined by about 90% when the cylinder
rotated in a counter-clockwise way and Ri increased.
In their study on the MHD 
ow of hybrid nano
uid
in an elliptic porous space, Shehzad et al. [31] found
that Nu declined due to the unfavorable e�ect of the
MHD. Al-Farhany et al. [32] scrutinized the MHD
convective current in a nano
uid soaked porous tilted
chamber. They observed that the averaged Nusselt
number increased upon increasing the Darcy number
and �ns length. Dogonchi et al. [33] studied the MHD
convection of hybrid nanoliquid in a porous wavy
cavity. Abderrahmane et al. [34] explored the MHD
convection stream of non-Newtonian nanoliquid in a
halved annulus porous enclosed area. They remarked
that the magnetic �eld suppressed the velocity; hence,
Nusselt number diminished.

Several studies have addressed natural convection
in porous containers in the absence of a magnetic
�eld in the literature. In most of these studies, either
isothermally heated wall or partially heated wall is
considered as the heating source. However, in many
electronic equipment, thermal sources are distributed
in more than one place. Any study on the convective

ow in containers with discrete thermal sources has
not been extensively investigated. Therefore, to �ll
this gap, the present study investigated the buoyancy-
induced magnetic-convection e�ect using dual distinct
heaters in the left wall of the square porous container
with a magnetic force imposed in di�erent directions.

2. Mathematical formulation

The laminar, unsteady and buoyancy convective 
ow
and thermal energy transport inside a container of
size D were loaded with a void fraction 
uid medium,
as represented in Figure 1. The boundary values and
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Figure 1. Physical Model and coordinate systems.

coordinate settings are diagrammatically represented
in Figure 1. A pair of heaters of size D=4 (limited in
size) were placed on the left wall and simultaneously,
the non-thermal portion of the left wall was covered
from heat. The right wall of the container receives
constant temperature distribution, and heat is
restricted at the top and bottom walls. The liquid in
the vacant space is dense in nature. The gravitational
force is exerted in the vertically downward direction.
The horizontal and vertical velocity components are u
and v, respectively. The Brinkman Forchheimer-Darcy
extended model was employed, and the homogeneous,
isotropic porous container was maintained in this
study. The liquid and porous container were kept at
a thermodynamic equilibrium position. Apart from
density in terms of buoyancy, the thermal properties of
the 
uid remained the same. The density was linearly
modi�ed by the temperature as � = [1 � �(� � �0)]�0,
where � represents the thermal expansion coe�cient
and subscript 0 denotes the reference state. For further
calculation, Boussinesq approximation was used.

Inside the cavity, electrically charged 
uid with
small Prandtl number is taken into consideration.
An unvarying magnetism is applied with a constant
magnitude B0. The variables F = �"(V � B) � B
and J = �"(V � B) represent the electromagnetic
force F and electric current J , respectively. The
induced magnetic �eld owing to the movement of the
electrically conducting liquid is (very) small compared
to the applied magnetic �eld. An angle tan� = By=Bx
is the angle between the horizontal axis and magnetic
�eld. Of note, negligible viscous dissipation was also
considered in this study. Based on the aforementioned
assumptions, the leading equations can be written as
follows:
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where Fc = 1:75p
150"3=2 and t, p, �, �, K, K, v,

�0, �, cp, k, " , and g denote the time, pressure,
temperature, volumetric coe�cient of thermal expan-
sion, permeability of the porous medium, kinematic
viscosity, density, speci�c heat ratio, speci�c heat, heat
conduction, porosity of the medium, and gravitational
acceleration, respectively. The suitable preliminary
and edge conditions are:

t = 0 : v = u = 0; � = 0; 0 � y � D; 0 � x � D;
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The leading equations are non-dimensionalized by the
following variables:
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The non-dimensional parameters involved in the
previous identities are Da = K=D2, Darcy num-
ber, Ra = g�(�h��t)D3

va , Rayleigh number, Ha =
B0D

p
�"=�, Hartmann number, and Pr = v=�,

Prandtl number.
The boundary and initial conditions (dimension-

less form) are:
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= 0 Y = 1&0

x = 0 :

V = U = 0; T = 1 on heaters;
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The thermal energy transportation rate across
the container is a signi�cant parameter in the thermal
energy transfer system. The local Nusselt number
along the heaters and the right vertical wall of the
container are de�ned as Nuh =

�� @T
@X

�
and Nuc =�� @T

@X

�
X=1, respectively. The total thermal energy

transport rate across the container is the sum of the
mean Nusselt numbers along the heaters. The mean
Nusselt numbers along the heaters are stated as:

Nu =
Z

heater 1

NuhdY +
Z

heater 2

NuhdY :

3. Numerical technique and validation

The �nite volume was employed to solve the non-
dimensional Eqs. (7){(10) related to the boundary

Table 1. Comparison of Nu for free convection in a
porous container with " = 0:4 and Pr = 1:0

Da Ra
Nu

Nithiarasu et al. [2] Present

104 105 1.067 1.074
106 2.550 2.688

10�2
103 1.010 1.007
104 1.408 1.343
105 2.983 2.993

condition (11) with SIMPLE algorithm for pressure-
velocity coupling. The leading equations were trans-
formed into an algebraic system of equations and, then,
solved iteratively. A non-uniform grid was chosen in
each of these particular directions to cluster the grid
points just across from the external wall. To ensure
that the outcomes are grid-size autonomous, di�erent
grid sizes were evaluated from 41� 41 to 161� 161 for
Ra = 106 and Pr = 0:71. Owing to the performance
and computational period, the grid independence ex-
periment on a 121 � 121 non-uniform grid proved to
be su�cient to start investigating this model. The
(mean) Nusselt number was estimated using Simpson's
(1/3) rule. The convergence condition used for the �eld
variables '(= T; V; U) is

���'(m+1)(i;j)�'m(i;j)
'(m+1)(i;j)

��� � 10�6.
The subscript m denotes the preceding estimate at the
iteration and m+ 1 denotes the current estimate.

In a numerical study, validation of a computer
code is critical. For the possible solution in question, an
in-house numerical code was created. A test case was
also employed to verify the accuracy of the computer
code in this study. The validity of the current compu-
tational code in the reported methods as well as natural
convection in a porosity membrane was checked [2],
the results of which are given in Table 1. According
to the �ndings, there is a correlation between some of
the current and previous �ndings, thus con�rming the
reliability of the current code for studying the problem
at hand.

4. Results and discussion

A mathematical simulation was executed to elaborate
the convection current, and the thermal pattern with a
penetrable container and a uniform external magnetic
�eld was found to be quite present inside the container
with two discrete thermal sources. The constraints
associated with this study are Rayleigh number (103 �
Ra � 106), porosity (0:1 � " � 0:7), Darcy number
(10�5 � Da � 10�1), Hartmann number (0 � Ha �
100), and magnetic �eld direction (� = 0; 45; 90).
Figure 2 shows the 
ow behavior and thermal pattern
inside the container for di�erent values of Da with
" = 0:4;Ha = 50; Ra = 106, and � = 0. Of note,
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Figure 2. Streamlines (up) and isotherms (down) for
di�erent Darcy numbers with � = 0, Ha= 50, " = 0:4 and
Ra = 106.

at every value of Da, a single clockwise rotating cell
would appear. The shape of the central area of the
cell depends upon the values of Da. The circular
shape of the core region exists when Da = 10�5.
Upon an increase in Darcy number, the core region is
elongated diagonally �rst and, then, transformed into
a horizontal elliptical shape as a result of increasing
the 
uid velocity. The corresponding isotherms clearly
indicate heat distribution. From the vertical lines of
isotherms, it is clearly identi�ed that the conduction
type of thermal energy transportation exists when
Da = 10�5. No thermal boundary layer was observed
to be in line with the isothermal walls. Upon increasing
the values of Da, the convection mode of thermal
energy transportation begins and strong convection
occurs at Da = 10�5. The thermal boundary layers
at the right-top portion of the (cold) wall exist along
the heat sources.

Figure 3 presents the 
ow scheme at di�erent
values of Ha and direction of the magnetic 
ux with
Ra = 106, Da = 0:001 and " = 0:4. In the magnetic

ux direction, there is no such noteworthy impact on
the 
ow �eld at small values of Ha. At the moderate

Figure 3. Streamlinesfor di�erent Hartmann number and
� for Ra = 106, Da = 0:001 and " = 0:4

Figure 4. Isotherms for di�erent Hartmann number and
� for Ra = 106, Da = 0.001 and " = 0.1

and high values of Ha(Ha = 50; 100), the magnetic

ux direction caused a drastic change in the 
ow
pattern. At Ha = 100 the single clockwise rotating
eddy elongates in the vertical direction for � = 0�.
The eddy stretches diagonally when � = 45�, while
it stretches horizontally at � = 90�. The resulting
isotherms are shown in Figure 4. The direction of
the magnetic �eld did not have any substantial impact
on the thermal distribution. In the case of Ha = 0,
the vertical temperature strati�cation was observed at
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Figure 5. Local Nusselt number along heaters for di�erent Darcy numbers

Figure 6. Local Nusselt number for di�erent Hartmann numbers

every value of �. In addition, thermal boundary layers
are located along the heaters and cold wall . The rise
of the magnetic 
ux strength weakened the thermal
boundary. The temperature strati�cation disappears
vertically at Ha = 100.

In order to quantify the energy transport at
heaters, the local Nu is depicted against the pertinent
factors considered in this study. Figures 5 and 6
show the Local Nu for di�erent values of Da and
Ha. The local Nu increased with an increase in
Darcy number along both heaters. However, Nulocal
decreases upon increasing the values of Ha. At both
edges of the heaters, the local heat transfer is overshoot.
However, Nulocal is enhanced at the training edge of
the heater. Figure 6(b) shows the local thermal energy
transportation rate along the cold wall. The high value
of local thermal energy transportation rate is noticed
at the upper part of the cold wall. Figure 7 presents
the time history (transient behaviour) of Nuaverage at
distinct values of Da. At Da = 10�5, a longer time
period is required to reach a steady state, while a
shorter time period is required for Da = 10�1. Three
folds of time are also required to get the convergence
for lower values of Da (Da = 10�5), when comparing

Figure 7. Time history of averaged Nusselt number for
di�erent Darcy numbers

the convergence for higher values of Da (Da = 10�1).
Figures 8 and 9 show the impact of Nuaverage on

di�erent parameters (Da; ";Ha and Ra). An increase
in Darcy number, porosity, and Rayleigh number would
lead to an increase in the Nuaverage rate. However,
Nuaverage rate declines upon increasing the values of
Ha. The non-linear behavior was noticed between
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Figure 8. Averaged Nusselt number vs. Darcy number for di�erent Ha, Ra, and porosities

Figure 9. Average Nusselt number vs. Hartmann number for di�erent porosities (a) and magnetic �eld direction (b).

Nuaverage andDa. The average heat transport does not
change upon changing the values of porosity at Da =
10�5. A similar trend holds for changing the values of
Ra at Da = 10�5. The thermal energy transportation
rate is nearly constant for all values of Da as well as
minimal values of Ra (Ra = 103 and 104). Figure 9(a)
and (b) show the impact of porosity and magnetic
�eld direction at distinct values of Ha. The value of
Nuaverage increases upon enhancing the porosity. On
the contrary, Nuaverage declines with an improvement
in the values of Ha. When considering the magnetic

ux direction, the vertical direction of magnetic 
ux
o�ers an enhanced thermal energy transportation rate
in comparison to other directions.

5. Conclusion

This study investigated the impact of MHD convective

ow and thermal energy transportation in a porous
container with two discrete heaters using �nite volume
technique. The direction of the magnetic �eld was also

examined. The concluding remarks are summarized in
the following:

1. The magnetic 
ux direction had a more signi�cant
impact on the 
uid 
ow than that on the heat
transfer;

2. Thermal strati�cation in the vertical direction was
observed at small values of Ha;

3. The average thermal energy transportation rate
was enhanced upon increasing the values of Da,
porosity, and Rayleigh number;

4. The average thermal energy transportation rate
decreased with an increase in the Ha value;

5. The value of Nulocal reached its maximum at the
edges of heater as well as on top of the cold wall;
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