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Abstract

In the present study, natural convection of fluid in an inclined enclosure filled with porous medium is numerically investigated in a
strong magnetic field. The physical model is heated from left-hand side vertical wall and cooled from opposing wall. Above this enclosure
an electric coil is set to generate a magnetic field. The Brinkman–Forchheimer extended Darcy model is used to solve the momentum
equations, and the energy equations for fluid and solid are solved with the local thermal non-equilibrium (LTNE) models. Computations
are performed for a range of the Darcy number from 10�5 to 10�1, the inclination angle from 0 to p/2, and magnetic force parameter c
from 0 to 100. The results show that both the magnetic force and the inclination angle have significant effect on the flow field and heat
transfer in porous medium.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The research of natural convection in porous medium
has been conducted widely in recent years, which involves
post-accidental heat removal in nuclear reactors, cooling
of radioactive waste containers, the migration of moisture
through the air contained in fibrous insulations, the disper-
sion of chemical pollutants through water-saturated mate-
rials, heat exchangers, solar power collectors, grain storage,
food processing, energy efficient drying process, to name of
a few. Nield and Bejan [1] and Ingham and Pop [2] contrib-
uted to a wide overview of this important area in heat
transfer of porous medium. There are many open literature
related to natural convection in rectangular porous enclo-
sures [3–7]. The study of thermal convection in inclined
enclosures is motivated by a desire to find out any effects
of the slope on thermally driven flows which are found in
many engineering applications. Caltagirone and Bories [8]
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studied the stability criteria of free convective flow in an
inclined porous layer. Vasseur et al. [9] investigated the nat-
ural convection in a thin inclined porous layer exposed to a
constant heat flux and in other contributions by Sen et al.
[10] and Baytas [11]. The aforementioned natural convec-
tion is only related to buoyancy-driven flows. As is known
recently, the magnetic force is another driving force, which
is proportional to the magnetic susceptibility of the fluid
and approximately proportional to the gradient of the
square of magnetic induction. Natural convection under
magnetic force has been examined quite recently by some
investigators [12–15]. However, almost no attentions are
paid on the combined effects of both magnetic and gravita-
tional forces on the natural convection in porous medium.
Furthermore, magnetic force has received more attention
in the field of metallic materials, and less in the field of
non-metallic materials. It is acceptable only when the mag-
netic force is small. With the increase of magnetic field
intensity, the magnetic force has more effects on the non-
metallic materials. The application of strong magnetic field
for porous medium may be found in the field of medical
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Nomenclature

asf specific surface area of the porous medium
(m�1)

b0 uniform magnetic induction (T)
b
*

magnetic induction (T)
B
*

dimensionless magnetic flux
cp specific heat at constant pressure (J kg�1 K�1)
dp sphere particle diameter (m)
Da Darcy number (K/H2)
F geometric function
g gravitational acceleration (m s�2)
h distance between coil and the center of the

enclosure (m)
hsf solid-to-fluid heat transfer coefficient

(W m�2 K�1)
H side length of the enclosure (m)
i electric current in a coil (A)
k thermal conductivity (W m�1 K�1)
K permeability (m2)
Nu Nusselt number, Eq. (6)
p pressure (Pa)
P dimensionless pressure
Pr Prandtl number, Pr ¼ mf=am

r distance from coil segment to a point (m)
R coil radius (m) in Fig. 1, dimensionless distance

in Eq. (3)
Ra Rayleigh number, Ra ¼ gH3bðT h � T cÞ=ðmamÞ
~s tangential vector of a coil
T temperature (K)

u, v, w velocity components (m s�1)
U, V, W dimensionless velocity components
x, y, z x-, y-, z-coordinates
X, Y, Z dimensionless coordinates

Greek symbols

a inclination angle, radian
am thermal diffusivity (m2 s�1)
b thermal expansion coefficient (K�1)
c dimensionless magnetic strength parameter
d mass fraction of oxygen
h dimensionless temperature
l viscosity of gas (kg m�1 s�1)
lm magnetic permeability (m kg (s A)�2)
m kinematic viscosity (m2 s�1)
q density (kg m�3)
v mass magnetic susceptibility of fluid (m3 kg�1)
K dimensionless thermal conductivity
/ porosity
n dimensionless solid-to-fluid heat transfer coeffi-

cient

Subscripts

f fluid
ef effective properties for fluid
s solid
es effective properties for solid
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Fig. 1. Schematic diagram of the physical system.
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treatment such as magnetic resonance imaging and/or
attachment of small magnets on the tissue surface to reduce
the muscle ache. The details of these effects on the metab-
olism have not been clarified yet. However, there may be
plenty of applications in the near future in the field of engi-
neering operations. Thus, as a first trial we intend to study
the effects of magnetic force on the natural convection in
porous enclosure. The heat and flow characteristics are
studied on the effect of the inclination angle (a), Darcy
number (Da), and magnetic force parameter (c). The por-
ous medium is supposed to consist of air (paramagnetic
fluid c > 0) and soda lime, and the corresponding thermal
and magnetic properties can be found in Refs. [7,13].
2. System considered

The schematic view of the problem is shown in Fig. 1.
The cubic enclosure is filled with saturated porous medium.
One of a vertical wall is isothermally heated and an oppo-
site wall is cooled and the other walls are thermally insu-
lated. A coil is set above and coaxially with the enclosure
to produce magnetic field. The hot and cold walls are kept
vertically while the magnetic force field is inclined at an
angle of a from a gravitational direction. Fig. 1b shows
schematics of the gravity force separated in the Y- and
Z-coordinate with the X-axis kept horizontal and the mag-
netic force is mostly in the Z-coordinate. The inclination
angle (a) varies from 0 to p/2. In the present study, the size
of the cubic enclosure H is 0.064 m, the radius R of coil is
0.05 m and the distance h between coil and the center of the
cubic is 0.032 m (see Fig. 1). However, the qualitative
results are not limited for these combinations of
parameters.
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3. Model equations and validation

In the model development, the following assumptions
are adopted: the fluid is an incompressible Newtonian fluid,
no phase change occurs and the process is in a steady state;
the Boussinesq approximation is adopted; the porous med-
ium is isotropic; the Joule heating; the effect of magnetic
field on heating is negligible; porosity / is assumed uniform
throughout the enclosure and thermal dispersion is
omitted.

The dimensionless governing equations in Cartesian
coordinates for the present study then take the following
form.

Continuity equation:

r � V
*

¼ 0: ð1Þ

Momentum equation:

1

/2
V
*

�r V
*

¼ �rP þ Pr
/
r2 V

*

� Pr
Da

V
*

� Fffiffiffiffiffiffi
Da
p j V

*

j V
*

þ RaPrhf �crB2 þ
0

sin a

cos a

2
64

3
75

8><
>:

9>=
>;: ð2Þ

The geometric function F can be represented as in Ref. [3],
and the introduction of magnetic term can be found in
Refs. [12,17], and the magnetic induction B can be defined
by Biot–Savart’s law [12]:

~B ¼ � 1

4p

Z ~R� d~s

R3
: ð3Þ

Fluid phase energy equation [3]:

ð1þ K�1Þ V
*

�rhf ¼ r2hf þ nðhs � hfÞ: ð4Þ

Solid phase energy equation [3]:

0 ¼ r2hs þ Knðhf � hsÞ: ð5Þ

The following dimensionless variables and reference values
are employed in the above dimensionless equations:

X ¼ x
H
; Y ¼ y

H
; Z ¼ z

H
; U ¼ uH

am

;

V ¼ vH
am

; W ¼ wH
am

; P ¼ pH 2

qfa2
m

;

h ¼ T � T 0

T h � T c

; T 0 ¼
T h þ T c

2
; Pr ¼ mf

am

;

Ra ¼ gH 3bðT h � T cÞ
mam

; am ¼
kef þ ksf

ðqcpÞf
;

Da ¼ K

H 2
; K ¼ kef

kes

; n ¼ asf hsfH 2

kef

;

B ¼ b
b0

; b0 ¼ lmi=H ; S ¼ s=H ;

R ¼ r=H ; c ¼ v0db2
0

glmH
;

where kef ¼ /kf , kes ¼ ð1� /Þks. The permeability of the
porous medium K, the specific surface area asf and the
fluid-to-solid heat transfer coefficient hsf are determined
as in Ref. [16].

The boundary conditions for three velocity components
are set to zero at all solid walls. The temperature boundary
conditions are as follows:

hf ¼ hs ¼ 0:5 at X ¼ 0;

hf ¼ hs ¼ �0:5 at X ¼ 1;
ohf

oY ¼
ohs

oY ¼ 0 at Y ¼ 0 and 1;
ohf

oZ ¼
ohs

oZ ¼ 0 at Z ¼ 0 and 1:

The overall heat transfer characteristics are described by
the average Nusselt number of the hot wall, which is
defined as follows [7] :

Num ¼ �
Z 1

0

Z 1

0

/ � ohf

oX
� K�1 ohs

oX

� �
X¼0

dY dZ: ð6Þ

A 3D, uniform and staggered grid is used with a control-
volume formulation for the discretization. Pressure correc-
tion and velocity correction are implemented in accordance
with the SIMPLE algorithm [16] to achieve a converged
solution. The discretized algebraic equations are solved
by the tri-diagonal matrix algorithm (TDMA). Relaxation
factors of about 0.2–0.5 are used for the velocity compo-
nents, while relaxation factors of about 0.5–0.7 are adopted
for the temperature and pressure corrections. In all the
computations, the porosity / is set as 0.9. For convergence
criteria, the relative variations of the temperature and
velocity between two successive iterations are demanded
to be smaller than the previously specified accuracy levels
of 5.0 � 10�5.

Before proceeding further, it is necessary to ascertain
the reliability and accuracy of the present numerical model
and the code developed. Five sets of grids, 10 � 10 � 10,
20 � 20 � 20, 30 � 30 � 30, 40 � 40 � 40, and 50 � 50 �
50, are employed for Ra = 104, c = 100, a = p/4 and
Da = 10�1; the case with 40 � 40 � 40 grids is used for tak-
ing both the accuracy and convergence rate into account.
Also, quantitative comparisons are made respectively with
the results to the test problems as computed in [1,15],
and the average deviation of Nusselt numbers is 1.89%
and 1.38%, respectively. The two test problems combined
together illuminate that present simulation method is cor-
rect on flow and heat transfer for natural convection in
enclosure with porous medium under both gravitational
and magnetic forces.

4. Results and discussion

4.1. Nature of flow and temperature field

The results show that the flow and temperature field are
very complex. Fig. 2 shows the effect of c number on the
magnetic force vectors, velocity vectors, fluid and solid
temperature contours in the vertical cross-section at



Fig. 2. Computed profiles in a plane Y = 0.5 at Da = 10�1, a = p/4, Ra = 104.
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Y = 0.5, Da = 10�1, a = p/4 and Ra = 104. The left-hand
side wall is hot and the right-hand side wall is cold in each
graph. Without a magnetic field (c = 0), the hot air rises up
along the left-hand side hot wall and descends along the
right-hand side cold wall as seen in fluid isothermal con-
tours at c = 0. The model equation includes the effect of
magnetic force in which the magnetic susceptibility of para-
magnetic fluid is inversely proportional to its temperature
according to the Curie’s law [17]. When there is a magnetic
field, the magnetic force repels the left-hand side hot air
(relatively at higher temperature and smaller magnetic sus-
ceptibility than that at the average temperature air and is
repelled comparatively). On the other hand, the cold air
near the right-hand side wall is at lower temperature, and
has larger magnetic susceptibility and is easily to be
attracted to the strong magnetic field than that at the aver-
age temperature. Because of this characteristic, the air is
repelled downward near the left-side and attracted upward



Table 1
Average Nusselt numbers at various values of c number and inclination
angle a (Da = 10�1, Ra = 104)

c a

0 p/6 p/4 p/3 p/2

0 5.801 5.813 5.815 5.813 5.800
1 5.425 5.507 5.596 5.689 5.866
5 5.196 5.700 6.036 6.311 6.743

10 6.381 6.683 7.142 7.391 7.798
100 14.366 14.403 14.447 14.501 14.623

3688 Q.W. Wang et al. / International Journal of Heat and Mass Transfer 50 (2007) 3684–3689
near the right-side. At c = 0 and 1, the hotter fluid along
the left-hand side wall ascends upward, the colder fluid
along the right-hand side wall descends downward due to
the usual gravitational buoyancy force, which forms a
clockwise flow. At c = 5, the magnetic force becomes large
and the hot fluid along the left-hand side hot wall is
repelled downward at the upper half height and proceeds
toward the cold wall where fluid is attracted upward along
the cold plate, which forms an anticlockwise flow in the
upper half region. In the lower half enclosure, usual grav-
itational convection occurs ascending along the hot left-
hand side wall and descending along the right-hand side
wall. At c = 10 and 100, the magnetic force becomes very
large and the flow is just reversed to the usual gravitational
convection at c = 0. The convection is totally downward
along the hot wall and upward along the cold wall. This
also suggests that the usual natural convection can be com-
pletely reversed with employing the magnetic force field.
For the temperature field, with the increase of magnetic
force, even at c = 0, the temperature difference between
the solid and liquid is greatly increased, so the LTNE mod-
els is important in simulating the heat transfer in porous
medium when there is a strong magnetic field.
4.2. Effects of Darcy number

Computations are carried out for fluids with Darcy
number varying from 10�5 to 10�1 at Ra = 104. The values
of the average Nusselt number are shown in Fig. 3. It is
found that, with other parameters unchanged, Darcy num-
ber has a certain effect on the heat transfer and fluid flow.
When the Darcy number is small, the magnitude of mag-
netic force has little effect on the heat transfer rate. The
results clearly suggest that the reduction in the value of
Da causes the flow to eventually cease in the bulk of the
enclosure. The presence of a porous medium subsequently
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Fig. 3. Average Nusselt numbers at Ra = 104, a = p/4.
brings about suppression in the thermal currents of the
flow, which causes a reduction in the overall heat transfer
between the hot and cold walls. With the increase of Darcy
number, the overall heat transfer is enhanced gradually.
When c equals to 1, the average Nusselt number is less than
that when c = 0 since the magnetic force is against to the
gravitational force. However, with further increase in the
c number, the magnetic force overcomes the gravitational
force and the average Nusselt number exceeds that of usual
natural convection (c = 0). When the coil is placed above
the enclosure, the magnetic force acts against the gravity
force and the usual natural convection is gradually
restrained with the increase of c number, which can be
observed in Fig. 2.
4.3. Effects of inclination angle

In order to examine the effects of inclination angle, com-
putations are carried out for a fluid with the inclined angle
(a) varying from 0 to p/2, while other geometric parameters
remained unchanged. Numerical results are obtained for
Da = 10�1 and Ra = 104 at c = 0–100. Table 1 illustrates
the effects of inclination angle on the average Nusselt num-
ber. At c = 0, it can be seen that the Nusselt number attains
the maximum value at a = p/4, because the effective height
of the hot and cold walls take the maximum value at this
orientation. However, there is little difference among the
magnitude of the average Nusselt number at different incli-
nation angle. When there exists magnetic field (c > 0) in the
enclosure, the heat transfer is enhanced with the increase of
the inclination angle. The average Nusselt number takes
minimum value at about c = 5 for a = 0, at c = 1 for
a = p/6–p/3 and at c = 0 for a = p/2. This is because the
magnetic force is against to the gravitational buoyancy
force at a less than p/2, but at a = p/2 they are no more
against each other and the average Nusselt number
increases with c.
5. Conclusions

The effect of magnetic force for the natural convection
of fluid in an inclined cubic enclosure filled with porous
medium is studied in detail. The study makes use of gener-
alized form of the momentum equation in describing the
flow field. Furthermore, the local thermal non-equilibrium
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models (LTNE) are utilized to describe the thermal
response of the porous enclosure. The work covers a wide
range of parameters. Complicated flow and temperature
fields and the effects of some parameters are revealed.
The major findings are as follows:

(1) When Darcy numbers are small, conduction becomes
dominated.

(2) With the increase of magnetic strength, the average
Nusselt number has a transition point. Here, the
magnetic force acts against the gravitational force
and net accelerating force becomes smaller that with-
out magnetic field, and the average Nusselt numbers
decrease herewith. However, with the increase of c
number, the magnetic force overcomes the gravita-
tional force and makes the fluid flow reversely, and
the average Nusselt numbers increase again. The tem-
perature difference between solid phase and fluid
phase is quite different and thus it is necessary to
use the local thermal non-equilibrium models for
such kind of problem.

(3) At c = 0, the average Nusselt number attains the
maximum value at inclination angle a = p/4. When
c > 0, the heat transfer of the inclined porous enclo-
sure is enhanced with the increase of inclination angle
(a).
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