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Thermal magneto-hydrodynamics in a ventilated porous enclosure
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Abstract. The present study examines mixed convection in a ventilated cavity saturated with porous substance
and heated at the right-bottom and top-left corners under the inﬂuence of uniform magnetic ﬁeld applied
externally. The analysis is carried out numerically using in-house CFD code. Five different heating conﬁgurations are analyzed. The effects of pertinent parameters such as Reynolds number (Re = 1–1000), Richardson
number (Ri = 0.1–100), Darcy number (Da = 10-7–10-3), Hartmann number (Ha = 1–100), angle of magnetic
ﬁeld (c = 0–180) and porosity (e = 0.1–1.0), on the ﬂow and temperature ﬁelds are examined for the search of
the appropriate conﬁguration yielding optimum heat transfer rate. Furthermore, heat transfer characterization at
different heating conﬁgurations and parametric combinations is assessed.
Keywords.

Ventilated enclosure; mixed convection; corner heating; MHD; porous medium.

1. Introduction
Both ﬂuid ﬂow and heat transfer in a ventilated cavity
are encountered in many transport processes in the nature
as well as in numerous engineering application devices.
Consequently the study on mixed convection has
received a considerable attention since long past in the
context of applications in drying technologies, cooling of
the electronic devices, material processing, atmospheric
ﬂows, solar energy storage, heat exchangers, and many
more. Basak et al [1] examined mixed convection of a
lid driven porous square cavity with various heating
conditions at the bottom wall. They analyzed the inﬂuence of convection through Peclet number and found that
at high values of Peclet number there is a strong coupling between ﬂow ﬁelds and temperature. Oztop [2]
studied the mixed convection heat transfer in a lid driven
and partially heated cavity ﬁlled with porous media.
Mixed convection in a double lid driven cavity saturated
with anisotropic non-Darcy porous medium using heatlines was studied by Ahmed [3]. Mojumder et al [4]
examined mixed convection in a porous L-shaped cavity
with the top-most wall moving. Mixed convection in a
sinusoidally heated square cavity was examined by
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‘Jadavpur University’, Kolkata, India during January 4–6, 2018
(INCOM-2018).
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Zainuddin et al [5]. They found that the sinusoidal
heating increases the strength of ﬂow compared to that
resulting from uniform heating. Several authors [6–9]
also examined problems involving mixed convection in
porous medium.
The study on mixed convection in different directions
has also been carried out. These are available in open
literatures, for instances, the analyses of inlet and outlet
port-position [10], port-size [11], oscillating inﬂow [12],
injection [13], bafﬂe [14], adiabatic block [15], etc. The
effect of ventilation is also reported by many authors in
the literature. Mahmud and pop [16] inspected mixed
convection in a ventilated square cavity saturated with a
porous medium. Behzadi et al [17] also examined ventilated square cavity applying constant heat ﬂux at bottom wall and keeping top wall at constant temperature.
Recently, thermal management of heating element in a
ventilated enclosure has been analyzed by Biswas et al
[18]. Gibanov et al [19] reported a problem on mixed
convection involving ventilated cavity ﬁlled with a triangular porous layer.
Mixed convection in a square cavity with corner
heating elements has been analyzed by Ismael et al [20].
They examined the position of corner heater for different
Richardson numbers. Ray and Chatterjee [21] reported a
lid driven cavity problem using corner heaters along with
heat conducting solid object and Joule heating. OvandoChacon et al [22] inspected entropy generation due to
mixed convection in an enclosure with heated corners.
Some other literatures [23, 24] are available where corner
heaters are used for the study of mixed convection.

224

Page 2 of 12

Sådhanå (2020)45:224

Many researchers have investigated the effect of
porous media on heat transfer in recent times. Ghasemi
et al [25] and Sheikholeslami [26] studied natural
convection square enclosure to address magneto-hydrodynamics (MHD) in cavity. MHD along with mixed
convection is also reported in open literatures. Sivashankaran et al [27] examined MHD mixed convection
of Cu-water nanoﬂuid in a two-sided lid driven porous
cavity. Zainuddin et al [28] examined lid driven cavity
problem with MHD. MHD Marangoni ﬂow in lid-driven
cavity is recently reported by Biswas and Manna [29].
Bouabda et al [30] reported entropy generation during
MHD mixed convection in a ﬂuid saturated porous
medium.
In the above-mentioned works and others (not reported
here for brevity), the effect of placement of corner heaters
along with the inlet and outlet openings in enclosure
geometry is not considered. The same is taken into account
in the present work. The objectives of this work are to
explore thermal convection with corner heating, the effect
of porous medium and MHD thermal convection in a
ventilated cavity from the fundamental point of view. The
results are analyzed using streamlines, isotherms and
Nusselt numbers.

2. Description of problem
The physical and computational domain depicted in
ﬁgure 1, is a rectangular cavity of size 1.4H 9 1H and
packed with porous medium. The cold ﬂuid (of Pr =
0.71, temperature Tc and uniform velocity ui) enters
through the left opening and exits the cavity from the
right opening. The height and length of the inlet and
outlet ports are 0.1H and 0.2H, respectively. The corner heating arrangement is provided diagonally

considering equal limbs of 0.25H (in both x and y
directions) with the facility of different heating temperatures (Tt, Tb). However, the mean heating temperature Th ð¼ 0:5 Tt þ 0:5 Tb Þ is maintained constant. The
rest of the walls are insulated and considered adiabatic.
Uniformly distributed magnetic ﬁeld of constant magnitude B is acting at an angle of c with the horizontal
direction.

2.1 Governing equations and numerical
techniques
The governing equations are formulated (and afterwards
non-dimensionalized) by applying the conservation principles of mass, momentum and energy, and considering
steady, Newtonian laminar and incompressible ﬂow within
the validity of Boussinesq approximation. For simplicity of
simulation, pressure and viscous dissipation work, Hall
current, Joule heating along with the variations in the
thermo-physical properties are neglected. The cavity walls
are assumed electrically non-conducting. The presence of
porous substance is addressed assuming local thermal
equilibrium (LTE) between the ﬂuid and the porous medium, possessing homogeneous and isotropic characters. The
effect of inertial friction at high ﬂow-rate situation is well
taken care by adopting Brinkman-Forchheimer-Darcy
model (BFDM) [31]. The dimensionless governing equations are expressed as
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Figure 1. Problem description showing the ﬂow geometry with
boundary conditions.
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Here, X and Y, U and V, P and h are respectively
dimensionless coordinates, component velocities, pressure
and temperature, and given by
ðX; YÞ ¼ ðx; yÞ=H; ðU; VÞ ¼ ðu; vÞ=ui
P ¼ ðp  pa Þ=qu2i ; h ¼ ðT  Tc Þ=ðTh  Tc Þ

ð5aÞ
ð5bÞ
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Table 1. Grid independence study (Ha = 30, c = 0, Da = 10-4, e = 0.6).
Nu (% error with respect to preceding coarser grid)
Ri

50 9 50

0.1
1
10
50
100

2.640
2.676
3.078
5.094
6.935

80 9 80
2.687
2.723
3.125
5.248
7.214

(1.76%)
(1.71%)
(1.50%)
(3.03%)
(4.00%)

150 9 150
2.662 (0.91%)
2.698 (0.90%)
3.104 (0.69%)
5.243(0.10%)
7.212 (.03%)

170 9 170
2.648
2.683
3.089
5.223
7.189

(0.54%)
(0.54%)
(0.50%)
(0.38%)
(0.31%)

200 9 200
2.656 (0.50%)
2.691(0.28%)
3.096 (0.20%)
5.236 (0.20%)
7.205 (0.22%)

Figure 2. Flow and thermal ﬁelds (at Ri = 10, Re = 200, Da = 10-4, e = 0.6, Ha = 30, c = 0) for different conﬁgurations of corner
heating: (a) streamlines, (b) isotherms.
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Table 2. Case-wise Nu at Re = 100, Da = 10-4, e = 0.6, Ha =
30, c = 0.
Cases

Ri = 0.1

1

10

50

100

Case
Case
Case
Case
Case

2.594
2.648
2.643
2.595
2.593

2.602
2.683
2.657
2.613
2.600

2.693
3.089
2.797
2.811
2.674

3.139
5.223
3.329
3.855
2.971

3.627
7.190
3.843
4.859
3.282

1
2
3
4
5

Non-dimensional numbers (namely Prandtl, Reynolds,
Richardson, Darcy and Hartmann numbers presented by Pr,
Re, Ri, Da and Ha respectively) are deﬁned as
Pr ¼ m=a; Re ¼ ui H=m; Ri ¼ Gr=Re2
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gr ¼ gbðTh  Tc ÞH 3 =m2 ; Ha ¼ BH j=qm
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Da ¼ K=H 2 ; FC ¼ 1:75= 150e3

ð5cÞ

Figure 3. Effect of Richardson number (Ri) on the ﬂow and thermal ﬁelds at Re = 100, Da = 10-4, e = 0.6, Ha = 30, c = 0:
(a) streamlines and (b) isotherms.
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Case 3: hb ¼ 0 and ht ¼ 2
Case 4: hb ¼ 1:5 and ht ¼ 0:5
Case 5: hb ¼ 0:5 and ht ¼ 1:5
The average Nusselt Number (Nu) of the corner heaters
(bottom: bH, top: tH) is calculated utilizing the local normal gradient on the active parts of the heaters as follows.
8 1:2
9
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Figure 4. Effect of Ri on average Nu at Re = 100, Da = 10-4,
e = 0.6, Ha = 0 and 30, c = 0.

However, Nu for heating is computed by sensing the
direction of heat ﬂow (whether heat added or rejected) and
by omitting the resulting negative terms of Equation (6) for
all ﬁve cases under consideration, programmatically.
The ﬂuid motion inside the ventilated cavity is visualized
with the help of streamlines by solving streamfunction. By
satisfying the continuity equation of incompressible ﬂuid
ﬂow, the streamfunction (w) is obtained. The mathematical
demonstration of velocity components (U and V along x and
y, respectively) in the Cartesian coordinates is given by
U¼

Figure 5. Effect of Re on average Nu at Ri = 10, Da = 10-4,
e = 0.6, Ha = 0 and 30, c = 0.

The boundary conditions of the problem are furnished
below.
At the walls : U ¼ 0; V ¼ 0
At the adiabatic walls :

oh
oh
¼ 0 or
¼0
oY
oX

At the inlet port : U ¼ 1; V ¼ 0; h ¼ 0
At the outlet port :

oU oV oh
¼
¼
¼0
oX oX oX

Different heating conﬁgurations of corner heaters are
chosen in the following ways:
Case 1:hb ¼ 1 and ht ¼ 1
Case 2: hb ¼ 2 and ht ¼ 0

ow
ow
and V ¼ 
oY
oX

Positive and negative values of streamfunction denote
the anti-clockwise and clockwise rotation of the ﬂuid. The
maximum value of streamfunction represents the total ﬂow
rate.
An in-house CFD code based on Finite Volume Method
(FVM) were used to solve the governing equations along
with boundary conditions mentioned in ﬁgure 1. The
SIMPLE algorithm [32] in conjunction with TDMA (TriDiagonal Matrix Algorithm) and ADI (Alternating Direction Implicit) sweep is utilized for the solution. The ﬁnal
solution is conﬁrmed when the continuity checking massdefects of individual computing cells become very small
(\10-8). The same code has been adequately validated in
the context of our earlier works under forced convection
[33], mixed convection [34, 35], natural convection [36].
The accuracy of the code in predicting MHD buoyant
convection is reported recently in [29]. Therefore, only the
grid study for the present problem is reported below.
For the grid independence study, ﬁve different grid sizes
(50 9 50, 80 9 80, 150 9 150, 170 9 170, and
200 9 200) are chosen for the simulation. The results are
generated for Case 2 at Pr = 0.71, Re = 100, Ha = 30,
Da = 10-4, c = 0 and e = 0.6 for a wide range of Ri values
(0.1–100). The grids are distributed non-uniformly with
more number of grids at the entrance and exit ports. The
size of the ﬁnest grid is taken as 0.001, particularly at the
walls. The grid-study results are prepared using overall heat
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Figure 6. Effect of Reynolds number (Re) on the ﬂow and thermal ﬁelds at Ri = 10, Da = 10-4,e = 0.6, Ha = 30, c = 0:
(a) streamlines and (b) isotherms.

transfer (Nu) at the heated wall and indicated in table 1.
Comparing the values of Nu under different grid sizes and
their percentage of change with respect to the immediate
coarser grid (which is mentioned in the brackets),
170 9 170 grid is chosen for the present study. The corresponding error, which is \1%, lies within the
acceptable limit.

3. Results and discussion
The magnetohydrodynamic mixed convection ﬂow and
convective heat transfer in a porous ventilated cavity is
studied numerically taking Pr = 0.71 for a range of pertinent parameters such as Reynolds number (Re = 1–1000),
Richardson number (Ri = 0.1–100), Darcy number

Sådhanå (2020)45:224

Figure 7. Effect of Ha on average Nu at Re = 100, Da = 10-4
and e = 0.6, c = 0 for different Ri values.
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left-top corners of the cavity are heated, the streamlines
would become stretched inlet to outlet port, whereas isotherms are clustered near the heated walls. The effect of
different conﬁgurations of corner heating on ﬂow ﬁeld as
well as thermal ﬁeld can be assessed from ﬁgure 2. It is
noted that, Case 2 conﬁguration with hb ¼ 2; ht ¼ 0 has a
heightened heat transfer rate (Nu = 5.319) compared to all
other thermal conﬁgurations.
The reason behind such increase in heat transfer is due to
the fact that, top corner act as an additional cooling surface
and allows the removal of heat. In comparison to the base
case (Case 1:hb ¼ 1; ht ¼ 1), Case 2 shows better conﬁguration as heat transfer increases by *34%. Whereas, marginal and moderate increments are observed respectively for
Case 3 = 2% and Case 4 = 13%. For Case 5, it decreases.
Hence, Case 2 is chosen for further analysis and presented
below. A detailed study of all the ﬁve cases for various
Richardson numbers is presented in Table 2 for Re = 100,
Ha = 30, c = 0, Da = 10-4, e = 0.6. Table 2 conﬁrms
superiority of heat transfer for Case 2 among all the cases.

3.2 Effect of Richardson number (Ri)

Figure 8. Effect of c on average Nu at Re = 100, Ri = 10,
Da = 10-4 and e = 0.6 for different Ha values.

(Da = 10-7–10-3), Hartmann Number (Ha = 1–100),
(c = 0–180), and porosity (e = 0.1–1). The results for
various conditions are presented through streamlines, isotherms and average Nusselt number and discussed in the
subsequent subsections.

3.1 Typical thermal-ﬂuid ﬂow structure
Figure 2 illustrates the streamlines (ﬁrst column) and isotherms (second column) for different case conﬁgurations
(Cases 1 to 5) of corner heating at Ri = 10, Re = 200,
Ha = 30, c = 0, Da = 10-4 and e = 0.6. The velocity of
inﬂow into the cavity is related to Reynolds number (Re),
whereas Ri determines the strength of thermally activated
ﬂow. The ﬂow geometry and inlet-outlet ports conﬁguration
are same for all the cases studied. As the right-bottom and

The effect of Ri on the heat transfer for the optimum Case 2
is analyzed and presented in Figure 3 at Re = 100, Ha =
30, c = 0, Re = 100, Da = 10-4 and e = 0.6. From ﬁgure 3, it is obvious that the buoyancy-driven ﬂow starts to
modify the ﬂow pattern (or streamlines) when Ri [ 0.1. For
Ri below 1 no-signiﬁcant changes in isotherms and
streamlines are observed. As Ri increases, the circulation
strength increases and a circulating vortex appears in the
cavity. This happens so, as the convective mode of heat
transfer becomes stronger at Ri [ 1. At higher Ri, the main
ﬂow directly hits on the right corner and then climbs
upward surrounding the vortex, and ﬁnally exits the cavity.
The reason behind this is the increase in buoyancy force.
Above Ri = 10, heightening of the heat transfer is clearly
observed from corresponding Nu value. At a value of
Ri [ 10, natural convection dominates the ﬂow, and the
effect of forced convection becomes comparatively weak.
Corresponding ﬂow strength (expressed in terms of
streamfunction) increases signiﬁcantly.
Global heat transfer rate, Nu, is plotted with increasing
Ri as shown in ﬁgure 4 for Ha = 0 (no magnetic ﬁeld
present) and 30. However, there is a marginal decrement in
Nu with Ha = 30 compared to Ha = 0. For both the values
of Ha, Nu values increase signiﬁcantly from 2.648 to 7.189.

3.3 Effect of Reynolds number (Re)
To understand the sole effect of forced convection or the
incoming ﬂow velocity, the heat transfer rate is plotted with
Re varied on the abscissa in ﬁgure 5 at Ri = 10, Ha = 30,
c = 0, Da = 10-4 and e = 0.6. The results show that, with
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increasing Reynolds number, the heat transfer is augmented
signiﬁcantly. The results can be visualized with the plots of
streamlines and isotherms shown in ﬁgure 6. At Re B 10,
the ﬂow ﬁeld is not signiﬁcantly changed. However, at
Re [ 10 the heat transfer rate is getting increased with
increasing Re value. A stronger incoming ﬂow can be
observed in streamline plots for Re = 100, 500 and 1000.
The effect of magnetic-ﬁeld strength (Ha = 0 and 30) is
also presented in ﬁgure 6. However, with imposing external
magnetic ﬁeld (by changing Ha = 0 to 30), Nu decreases
(due to the damping effect of the magnetic ﬁeld)
marginally.

3.4 Effect of strength and inclination angle
of magnetic ﬁeld (Ha, c)
The effect of strength of the external magnetic ﬁeld on
global thermal performance is presented in ﬁgure 7. It is

Sådhanå (2020)45:224
found that, the change in magnetic-ﬁeld strength on Nu is
insigniﬁcant for Ri \ 10, whereas the impact of Ha is
signiﬁcant at Ri =100. It is due the fact that the presence of
porous medium decreases the thermal transport throughout
the ﬂow domain, and at lower Ri value the impact of
change in Ha is insigniﬁcant. At very high value such as
Ri = 100, the increasing Ha ([0) shows a decrease in Nu
and then it increases. This is due to the fact that, at high Ri
value where natural convection is dominant, Ha has a
suppressing effect on natural convection.
The effect of variation in inclination angle of magnetic
ﬁeld is plotted in ﬁgure 8 for Re = 100, Ri = 10, Da = 10-4
and e = 0.6. The Nu value is same for c = 0 and c = 180 for
any Ha value. The Nu value is decreasing up to c = 45. For
c = 45, it has an increasing trend up to c = 135 then it again
decreases. This pattern is same for all Ha values (except
Ha = 0). An interesting fact can be found for a range of c
values (120–150), where Nu value is increasing for higher
Ha values. The reason behind is that, although Ha is found to

Figure 9. Effect of Hartman number (Ha) on the ﬂow and thermal ﬁelds at Ri =10, Re = 100, Da = 10-4, e = 0.6 and c = 0:
(a) streamlines and (b) isotherms.

Sådhanå (2020)45:224

Page 9 of 12

224

Figure 10. Effect of inclination angle (c) of the magnetic ﬁeld on the ﬂow and thermal ﬁelds at Ri =10, Re = 100, Da = 10-4, e = 0.6
and Ha = 30: (a) streamlines and (b) isotherms.

suppress natural convection, but at these values ofc, the
Lorenz force happens to assist the ﬂow.
The streamlines and isotherms for different Ha values are
shown in ﬁgure 9 for Ri = 10, c = 0, Re = 100,
Da = 10-4 and e = 0.6. From the streamline plot it is
clearly visible that, the main ﬂow is suppressed as Ha value
increases, thereby decreasing the heat transfer rate.
Whereas, the streamline and isotherm plots for different c
values are given in ﬁgure 10. It can be seen that, at higher
values of inclination angle (c = 150 and 180), the main
ﬂow is damped as the Lorenz force is opposing the ﬂow,
thereby decreasing heat transfer rate.

3.5 Effect of porosity (e)
The ﬂuid ﬂow and the thermal characteristics are found
to be not very much dependent on the porosity of the

medium. The results are shown with respect to Nu value
in ﬁgure 11 at Re = 100, c = 0, Ri = 10, Da = 10-4
and e = 0.6. All the results are taken for a ﬁxed value
of Darcy number at 10-4. At Ha = 0, as the porosity
increases, the heat transfer increment is signiﬁcant as
the resistance to ﬂow decreases. Similar result is also
found for Ha = 30. However, due to the presence of
magnetic ﬁeld, heat transfer rate decreases compared to
Ha = 0.

3.6 Effect of Darcy number (Da)
The effect of different permeability of the porous substance
is presented in ﬁgure 12 for a constant porosity e = 0.6 at
Re = 100, c = 0, Ri = 10, Ha = 0 and 30. It is found that,
there is almost no change in heat transfer rate for
Da \ 10-5, and above which, the heat transfer rate
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Figure 11. Effect of e on average Nu at Re = 100, Ri = 10,
Da = 10-4, c = 0 for Ha = 0 and 30.

increases signiﬁcantly. This happens so, as the increase in
Da means lesser resistance to the ﬂow of transport process.
It leads to higher rate of ﬂuid circulation and causes
increased heat transfer. It is also found that, Ha number has
almost negligible effect for Da \ 10-4.

4. Conclusions
In this study, the heat transfer of MHD mixed convection in
a porous ventilated cavity heated at the diagonal corners is
investigated numerically in the presence of magnetic ﬁeld
using an in-house CFD code. The effects of Hartmann
number and its inclination angle, Reynolds number,
Richardson number and thermal boundary conditions on the
ﬂow ﬁeld and heat transfer characteristics have been
examined systematically. The salient observations of the
present work are summarized below:
• The conﬁguration of corner heaters has signiﬁcant
effect on the heat transfer process. Placing the heaters
at bottom right corner (Case 2) markedly increases the
heat transfer.
• Up to a certain lower range of Ri values shows
marginal change in heat transfer; however, after
Ri [ 10 leads to superior heat transfer.
• The variation in Re value shows signiﬁcant rise in heat
transfer particularly when Re C 100.
• Hartmann number has marginal inﬂuence on heat
transfer for lower value of Ri \ 10, whereas heat
transfer rate decreases at higher Ha and higher
Ri = 100.
• Magnetic-ﬁeld inclination angle signiﬁcantly affects
the heat transfer rate. Nu follows a decreasing trend for
angle values up to c = 45. After that it increases
maximum for c = 135, then again decreases.

Sådhanå (2020)45:224

Figure 12. Effect of Da on average Nu at Re = 100, Ri = 10,
e = 0.6, c = 0 for Ha = 0 and 30.

• Heat transfer rate and the ﬂow characteristics are
dependent on porosity of the medium. Heat transfer
rate increases as porosity increases (due to more free
passages to ﬂow).
• Heat transfer signiﬁcantly increases with increasing Da
above 10-5 due to reduced resistance to the ﬂow.
However, this change is insigniﬁcant below
Da \ 10-5.
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Nomenclature
B
magnetic ﬁeld, Wb/m2
Da
Darcy number
Forchheimer coefﬁcient
FC
g
acceleration due to gravity, m/s2
Gr
Grashof number
H
height of the cavity/length scale, m
Ha
Hartmann number
K
permeability of porous medium, m2
L
length of the cavity, m
Nu
average Nusselt number
p
pressure, Pa
P
dimensionless pressure
Pr
Prandtl number
Re
Reynolds number
Ri
Richardson number, Gr/Re2
T
temperature, K
u,v
velocity components, m/s
U,V dimensionless velocity components
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x,y
X,Y

Cartesian coordinates, m
dimensionless coordinates

Greek symbols
a thermal diffusivity, m2/s
b volumetric thermal expansion coefﬁcient of ﬂuid, K-1
W dimensionless stream function
h dimensionless temperature
g heat transfer parameter
e
porosity
m
kinematic viscosity, m2/s
q density, kg/m3
j electrical conductivity, lS/cm
c
angle of the magnetic ﬁeld
Subscripts
b,t bottom, top
c,h cooling, heating
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