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Abstract

Natural convection in a two-dimensional square cavity containing hydrodynamically and thermally anisotropic porous medium with
internal heat generation is analyzed numerically by generalized non-Darcy approach. The properties considered for the study are per-
meability ratio (K*), inclination of the principal axes (h), ratio of Forchheimer constants (F*) and thermal conductivity ratio (k*). Results
are presented in terms of isotherms, streamlines and maximum temperature in the cavity to understand the flow physics. It is observed
that the anisotropic properties have significant influence on the flow behaviour and heat transfer. A correlation for maximum temper-
ature in the cavity for a wide range of parameters (107

6 Ra 6 108, 10�6
6 Da 6 10�3, 0� 6 h 6 90�, 1 6 F*

6 100, 0.1 6 K*
6 10 and

0.1 6 k*
6 10) is developed.

� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Natural convection in fluid saturated heat generating
porous media has several applications in engineering and
nature. Such applications include exothermic reactions in
packed bed reactors, heat transfer associated with the deep
storage of nuclear waste, flow past heat exchanger tubes
and to study the effect of the metabolic heat generation
in grains causing hot spots that induce fungal growth [1–
3]. However, in many applications, porous materials are
anisotropic due to preferential orientation for drying of
food grains, rod bundles in a nuclear reactor core and heat
exchanger tubes etc. A detailed analysis on natural convec-
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tion in a heat generating anisotropic porous medium is yet
to appear in the literature.

The earlier studies of natural convection in enclosures
filled with volumetrically heated isotropic Darcy porous
medium are due to Beukema et al. [4], Haajizadeh et al.
[5] and Prasad [1]. Royer and Flores [6] numerically exam-
ined natural convection in a rectangular enclosure filled
with heat generating anisotropic and heterogeneous Darcy
porous medium. Suresh et al. [7] carried out numerical sim-
ulation of 3D natural convection inside a heat generating
anisotropic porous medium by Darcy approach. The devi-
ation of Darcy formulation for coarsely packed porous
media led to generalized non-Darcy formulation [8–11].
Flow behavior and heat transfer aspects of a heat generat-
ing isotropic porous media has been numerically investi-
gated by Anwar and Wilson [12] with non-Darcy
approach for non isothermal walls, and Jue [13] with gen-
eralized non-Darcy approach for a differentially heated
cavity. However, most of the porous materials are aniso-
tropic due to preferential orientation for either enhancing
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Nomenclature

C Forchheimer coefficient (m�1) (Eqs. (9), (10),
(14))

C* ratio of Forchheimer coefficients (Eq. (12))
Cp specific heat (J kg�1 K�1)
Da Darcy number (Eq. (18))
F Forchheimer constant
F* ratio of Forchheimer constants (Eq. (11))
g acceleration due to gravity (m s�2)
K permeability (m2)
k thermal conductivity (W m�1 K�1) (Eq. (5))
K* permeability ratio (Eq. (8))
k* thermal conductivity ratio (Eq. (16))
L cavity width (characteristic dimension) (m)
Nu average Nusselt number (Eqs. (25)–(27))
P pressure (N m�2)
Pr Prandtl number
Q non-dimensional heat generation (Eq. (18))
q00 uniform heat flux (W m�2)
q000v volumetric heat generation (W m�3)
Ra Rayleigh number (Eq. (18))
RaI internal Rayleigh number for case 3
Ram Rayleigh Darcy number (=Ra � Da)
T temperature (K/non dimensional temperature)
t time (s)
Tmean non dimensional mean temperature on the line

of symmetry
u volume averaged velocity in x-direction (m s�1)
v volume averaged velocity in y-direction (m s�1)
jVj magnitude of velocity vector

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2
p� �

(m)

x, y coordinates axes

Greek symbols

/ Tm or Nu
w stream function
f u, v or T variable
q density (kg m�3)
m kinematic viscosity (m2 s�1)
l viscosity of fluid (N s m�2)
b coefficient of thermal expansion (K�1)
e porosity (void volume/total volume)
h inclination of principal axes, degrees
r ratio of heat capacities (Eq. (4))

Subscripts

1,2 direction of principal axes
c cold
f fluid
h hot
m maximum
p porous medium
so solid matrix

Superscripts

� ratio of anisotropic properties
0 non-dimensional quantities
= tensor
i, i � 1 present and previous grid size
n, n � 1 present and previous time step
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or for deteriorating heat transfer. Considering its impor-
tance Degan and co-investigators [14–16] and Nithiarasu
et al. [3] numerically investigated natural convection in a
fluid saturated porous medium which is assumed to be
hydrodynamically anisotropic with its principal axes ori-
ented in a direction that is oblique to the gravity vector.
They found that the orientation of principal axes and per-
meability ratio have significant influence on the flow behav-
iour and heat transfer. In the above-mentioned paper [3]
the Forchheimer constant has been considered constant.
Nakayama et al. [17,18] numerically studied fluid flow
and heat transfer through an anisotropic porous medium
and demonstrated the function of macroscopic flow angle
on directional Forchheimer coefficient. As the Forchheimer
coefficient is defined as the ratio of Forchheimer constant
to the square root of permeability (Eq. (10)), there arises
a question whether the variation of Forchheimer constant
is also to be considered with respect to direction. Till date,
a comprehensive study on natural convection in a heat gen-
erating anisotropic porous medium with a proposed corre-
lation for maximum temperature in the non-Darcy regime
is yet to appear in the literature. Also, the natural convec-
tion in a non-Darcy heat generating anisotropic porous
medium requires extensive investigation due to its wide
range of applications.

The present study is a first attempt to analyze natural
convection inside a square cavity filled with heat generating
porous medium which is assumed to be hydrodynamically
and thermally anisotropic in nature. Hydrodynamic anisot-
ropy is based on both permeability and Forchheimer coef-
ficient which are arbitrary oriented with respect to gravity.
Also, the thermal conductivity is assumed to vary orthotro-
pic with respect to gravity vector. The following range of
parameters such as Rayleigh number (107

6 Ra 6 108),
Darcy number (10�6

6 Da 6 10�3), inclination of principal
axes (0� 6 h 6 90�), ratio of Forchheimer constants
(1 6 F* 6 100), permeability ratio (0.1 6 K* 6 10) and
thermal conductivity ratio (0.1 6 k* 6 10) have been con-
sidered with a porosity of 0.8 to understand the influence
of anisotropic properties on flow behavior and heat trans-
fer and also, to generate correlation for maximum temper-
ature in the cavity for a heat generating anisotropic porous
medium.

Several practical applications can be indicated for the
above mentioned range of parameters. One of the examples
can be heat generating rod bundle for nuclear application,
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which can be analyzed as a heat generating anisotropic por-
ous medium. Considering rod diameter (0.008 m) and heat
generation (50 W/heater) from Suresh et al. [7] and taking
correlations for the permeability in x-direction, permeabil-
ity ratio and thermal conductivity ratio from Lee and Yang
[19,20], the following parameters are obtained. For h = 0�
with ks/kf = 27.18 (carbon steel) and e = 0.8: Ra = 4.74 �
107, Kx = 5.01 � 10�6 m2, K* = 0.497 and k* = 0.224.
Based on the reference length (i.e. width of the cavity)
the Darcy number can be varied from 10�3 to 10�6 (e.g.
L = 0.075 m, Da = 8.91 � 10�4).

Based on the above observations, the objectives of the
present work are chosen (i) to analyze the influence of
anisotropic properties on the flow behaviour and heat
transfer and (ii) to obtain a correlation for the maximum
temperature in the cavity for heat generating anisotropic
porous medium with specified range of parameters.

2. Mathematical formulation

The schematic diagram of a two dimensional square
porous cavity with vertical walls isothermally cooled and
adiabatic horizontal sides is shown in Fig. 1. The cavity
is filled with fluid saturated anisotropic porous medium
which generate heat at a uniform rate. It is assumed that
the solid matrix of the porous media does not undergo
deformation and is anisotropic in permeability, Forchhei-
mer coefficient and thermal conductivity. The fluid is con-
sidered to be in local thermal equilibrium with the solid
matrix. Density variation of the fluid follows Boussinesq’s
assumption. Generalized non-Darcy approach has been
considered and the governing equations are solved using
a pseudo-transient approach. Hence, the equations in
terms of primitive variables for transient flow can be writ-
ten as follows.
Fig. 1. Problem geometry.
r � V ¼ 0; ð1Þ
qf

e
oV
ot
þ V

e

� �
� rV

� �
¼ �rP f þ

lf

e
r2V � lf

K
V

� Cqf V jV j þ qfbgðT � T CÞ; ð2Þ

ðqCpÞf
oðrT Þ

ot
þ V � rT

� �
¼ r � ��krT

� �
þ q000v ; ð3Þ

where

r ¼ eqf Cpf þ ð1� eÞqsoCpso

qfCpf

; ð4Þ

kx ¼ ekf þ ð1� eÞkso; ð5Þ
q000v ¼ eq000f þ ð1� eÞq000so; ð6Þ

K ¼ K1 cos2 hþ K2 sin2 h ðK1 � K2Þ sin h cos h

ðK1 � K2Þ sin h cos h K2 cos2 hþ K1 sin2 h

" #
; ð7Þ

K� ¼ K1

K2

; ð8Þ

C ¼ C1 cos2 hþ C2 sin2 h ðC1 � C2Þ sin h cos h

ðC1 � C2Þ sin h cos h C2 cos2 hþ C1 sin2 h

" #
; ð9Þ

C1 ¼
F 1ffiffiffiffiffiffi
K1

p ; C2 ¼
F 2ffiffiffiffiffiffi
K2

p ; ð10Þ

F � ¼ F 1

F 2

; ð11Þ

C� ¼ C1

C2

¼ F �ffiffiffiffiffiffi
K�
p : ð12Þ

Substituting K* (Eq. (8)) in Eq. (7) and by applying inverse,
the permeability tensor can be reduced to

K�1 ¼ 1

K1

cos2 hþ K� sin2 h ð1� K�Þ sin h cos h

ð1� K�Þ sin h cos h K� cos2 hþ sin2 h

" #
:

ð13Þ

Substituting C* (Eq. (12)) in Eq. (9), the Forchheimer coef-
ficient tensor can be reduced to

C ¼ F 1ffiffiffiffiffiffi
K1

p
cos2 hþ

ffiffiffiffi
K�
p

F � sin2 h 1�
ffiffiffiffi
K�
p

F �

� �
sin h cos h

1�
ffiffiffiffi
K�
p

F �

� �
sin h cos h

ffiffiffiffi
K�
p

F � cos2 hþ sin2 h

2
64

3
75;
ð14Þ

��k ¼
kx 0

0 ky

� �
; ð15Þ

k� ¼ ky

kx
: ð16Þ

Substituting k* (Eq. (16)) in Eq. (15), the thermal conduc-
tivity tensor can be reduced to

��k ¼ kx
1 0

0 k�

� �
: ð17Þ

Using the following dimensionless variables
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x0 ¼ x
L
; y 0 ¼ y

L
; ax ¼

kx

ðqCpÞf
u0 ¼ u

ðax=LÞ ; v0 ¼ v
ðax=LÞ ; t0 ¼ t

ðL2=axÞ
;

Pr ¼ mf

ax
; Da ¼ K1

L2
; Ra ¼ gbDTL3

mfax
;

P 0 ¼ P f

ðqa2
x=L2Þ

; T 0 ¼ T � T c

DT
; Q ¼ q000v L2

DTkx
:

ð18Þ

Note that the prime symbol has been ignored for the sake
of convenience and the governing equations in non dimen-
sional form are as follows:
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F �

 !
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K�
p
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In the non-dimensional governing equations the Forchhei-
mer constant is taken as F1 � 0.55 which was experimen-
tally measured by Ward [21] (also in [22] ) and u and v

are volume averaged velocity components. The Prandtl
number and porosity are taken to be 0.71 and 0.8 through-
out the computations.

The following cases have been considered to check the
validity of the present formulation and numerical
procedure.

Note that, the present parametric study considers Case:
2(a).

Case 1:
(a) Differentially heated condition without volumetric

heat generation (Ref. [23])
DT ¼ T h � T c

Q ¼ 0:
(b) Constant heat flux condition (left and right walls)
without volumetric heat generation (Ref. [3,15]).
DT ¼ q00L
kx

; Q ¼ 0:

Case 2:
(a) Isothermally cooled side walls (left and right walls)

with volumetric heat generation [Present study].
DT ¼ q000v L2

kx
; Q ¼ 1 ðsee Eq: ð18ÞÞ:
(b) Isothermally cooled side walls (left wall symmetry
condition and right wall isothermally cooled) with
volumetric heat generation for square cavity (Ref.
[1]).
DT ¼ q00vL2

2kx
; Q ¼ 2 ðsee Eq: ð18ÞÞ:

Case 3:
Differentially heated porous cavity with volumetric heat
generation (Ref. [13])

DT ¼ T h � T c; RaI ¼
gbq000v L5

mfaxkx
;

Q ¼ RaI

Ra
ðsee Eq: ð18ÞÞ:

Eqs. (19)–(22) will subject to the following boundary
conditions:

Initial and Boundary conditions are as follows
(Note that the present parametric study is considered for

Case: 2(a))
Initial conditions

t ¼ 0; u; v ¼ 0; T ¼ 0:

Boundary conditions

Bottom wall

t > 0; u; v ¼ 0;
oT
oy
¼ 0 at y ¼ 0; 0 < x 6 L:

Top wall

t > 0; u; v ¼ 0;
oT
oy
¼ 0 at y ¼ L; 0 6 x 6 L:

Left wall
Case: 1(a), 3

t > 0; u; v ¼ 0; T ¼ 1 at x ¼ 0; 0 6 y 6 L:

Case: 1(b)

t > 0; u; v ¼ 0;
oT
ox
¼ �1 at x ¼ 0; 0 6 y 6 L: ð23Þ

Case: 2(a)

t > 0; u; v ¼ 0; T ¼ 0 at x ¼ 0; 0 6 y 6 L:



Table 2
Comparison of present results for thermally anisotropic porous medium
Case: 1(a) (h = 0�, K* = 1, F* = 1, e = 0.9 and Pr = 1)

S.No. Ra Da k* Average Nusselt number

Present Ni and Beckermann [23]

1 108 10�6 0.1 3.645 3.721
2 108 10�6 1 3.070 3.102
3 108 10�6 10 1.871 1.842
4 109 10�6 0.1 13.849 14.297
5 109 10�6 1 13.040 13.461
6 109 10�6 10 9.436 9.851
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Case: 2(b)

t > 0; u ¼ 0;
ov
ox
¼ 0;

oT
ox
¼ 0 at x ¼ 0; 0 6 y 6 L:

Right wall

Case: 1(b)

t > 0; u; v ¼ 0;
oT
ox
¼ �1 at x ¼ L; 0 6 y 6 L:

Case: 1(a), 2(a,b), 3

t > 0; u; v ¼ 0; T ¼ 0 at x ¼ L; 0 6 y 6 L:

The fluid motion has been displayed in terms of stream-
lines. The following relationships between the velocity com-
ponents (u and v) and stream function (w) have been used

v ¼ � ow
ox
; u ¼ ow

oy
: ð24Þ

The average Nusselt number is defined by
Case: 1(a), 3

Nu ¼ �
Z 1

0

oT
ox

� �
x¼0;1

dy: ð25Þ

Case: 2(b)

Nu ¼ 2

T mean

: ð26Þ

Tmean is the mean temperature on the line of symmetry
Case: 1(b)

Nu ¼ 1

DT
: ð27Þ

DT is the temperature difference between the mid height
nodes at the vertical walls.

It is to be noted that the average Nusselt number is not
provided for the present study [Case: 2(a)] as the flow
behavior and heat transfer aspects are carried out in terms
of maximum temperature (Tm), isotherms and streamlines.
It is observed in literature [1,13] that the average Nusselt
number has been reported in different forms for heat gen-
erating porous media. The authors believe that, under-
standing the flow physics in terms of maximum
temperature (Tm) is more convenient when compared to
average Nusselt number. The above mentioned average
Nusselt numbers have been employed only for the valida-
tion of the present formulation with the literature
[1,3,13,15,23].
Table 1
Comparison of present results for anisotropic porous medium Case: 1(b) (Ram

S. No Ra Da h K* Average Nusselt number

Present Degan and Vasseur [15] Nith

1 5 � 107 10�5 90 10�3 5.652 5.909 5.66
2 5 � 105 10�3 90 10�3 4.489 4.727 4.56
3 5 � 107 10�5 45 102 1.122 1.173 1.17
4 5 � 105 10�3 45 102 1.121 1.170 1.17
5 5 � 107 10�5 0 10�2 9.452 10.781 9.95
6 5 � 105 10�3 0 10�2 5.064 5.414 4.72
3. Numerical procedure

The governing equations have been discretized by using
finite volume method. Quadrilateral cells in a semi-stag-
gered arrangement introduced by Hirt et al. [24] have been
employed. Velocity nodes are located at the vertices and
pressure nodes are located at the centroid of the quadrilat-
eral cells. First order upwind scheme is used for convective
term formulation. Non-uniform cosine grid has been
employed.

For pressure and velocity coupling, the SIMPLE algo-
rithm is used. The momentum equations are solved by
Gauss-Seidel point by point iteration method. The itera-
tion process is continued until the following convergence
criterion is achieved.P

i;j fn
i;j � fn�1

i;j

 P
i;j fn

i;j

  < 10�8; ð28Þ

where f represents u, v or T variables, n represents present
time step, n � 1 represents previous time step.

4. Grid independence and validation

In order to validate the predictive capability and accu-
racy of the present porous medium code, computations
are performed with various configurations and boundary
conditions. The results thus obtained are compared with
the available literature [1,3,13,23] wherever possible.

To ensure that the results obtained by the numerical
study are independent of the computational grid, grid inde-
pendence studies are carried out using Eq. (29) between
two consecutive grids for the average Nusselt number
= 500, k* = 1, e = 0.6 and Pr = 1)

Tmax = �Tmin

iarasu et al. [3] Present Degan and Vasseur [15] Nithiarasu et al. [3]

0 0.241 0.247 0.248
0 0.295 0.305 0.305
4 0.547 0.576 0.569
0 0.547 0.576 0.570
0 0.245 0.261 0.236
9 0.293 0.304 0.314
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and maximum temperature in the cavity. For our computa-
tions, non uniform cosine grid is employed. It is important
to note that the number of iteration steps required satisfy-
ing the convergence criteria increases with the increase in
mesh size and this practice always ensures a balance of con-
Table 3
Comparison of present results for heat generating porous medium (h = 0�,
K* = 1, F* = 1 and k* = 1)

S.No. Differentially heated
walls (e = 0.4,
Pr = 0.71)

Da Ra RaI Average Nusselt
number

Present Jue [13]

(a)
1 Case 3 10�2 107 107 10.91 10.75
2 Case 3 10�2 105 108 �490.56 �485.60
3 Case 3 10�4 106 107 �1.836 �1.789
4 Case 3 10�4 105 107 �46.84 �46.37
5 Case 3 10�6 105 103 0.995 0.995
6 Case 3 10�6 107 107 0.607 0.581

S.No. Isothermally cooled side
walls (e = 0.9, Pr = 1)

Da Ra Present Prasad [1]

(b)
1 Case 2(b) 10�6 107 2.190 2.170
2 Case 2(b) 10�6 108 4.281 4.350

Fig. 2. Isotherms (left) and streamlines (right) for Da = 10�5, K* = 0.1, F* =
Ra = 107 (Tm = 0.133); (b) Ra = 108 (Tm = 0.086).
vergence and computational time. It is found that the per-
centage deviation between 61 � 61 and 81 � 81 is less than
1%. Therefore a grid size of 61 � 61 with the first node
from the wall at a non dimensional distance of 0.000685
is considered for computations.

% Error ¼ ui � ui�1

ui

� �
� 100; ð29Þ

where u represents Tm or Nu, i represents present grid size,
i � 1 represents previous grid size.

The formulation for permeability tensor based on earlier
literature [3,15] has been considered by taking permeability
K1 with angle h to vertical axis. In the present study for the
sake of convenience, the permeability tensor has been for-
mulated by taking permeability K1 with angle h to horizon-
tal axis (x-axis). Therefore, the angle ‘h’ in the current
study differs by 90� from the values reported in literature.
For the validation of natural convective flow in anisotropic
porous medium without heat generation for wide range of
permeability ratios, a problem with constant heat flux
boundary condition at the vertical walls has been consid-
ered. In this study, the results are compared with Nithiar-
asu et al. [3] and Degan and Vasseur [15] by neglecting
Forchheimer term and comparison is shown in Table 1.
10, h = 45� and k* = 1 with the variation of Rayleigh number (Ra): (a)



D.J. Krishna et al. / International Journal of Heat and Mass Transfer 51 (2008) 4691–4703 4697
For the validation of thermally anisotropic behavior of the
porous medium the results are compared with an earlier
work [23] and are shown in Table 2. Table 3a provides
Darcy number (Da)

0.00

0.05

0.10

0.15

0.20

0.25

T
m

F*=1, Ra =107

F*=10, Ra =107

F*=100, Ra =107

F*=1, Ra =108

F*=10, Ra=10 8

F*=100, Ra =108

10-3 10-4 10-5 10-6

Ra =108

Ra =107

Fig. 3. Effect of ratio of Forchheimer constants (F*) on the maximum
temperature (Tm) with the variation of Darcy number and Rayleigh
number for K* = 1, h = 45� and k* = 1.

Fig. 4. Isotherms (left) and streamlines (right) for Ra = 5 � 107, K* = 0.1, F

Da = 10�6 (Tm = 0.134); (b) Da = 10�3 (Tm = 0.048).
comparison between current results and an earlier work
[13] for a heat generating differentially heated porous cavity
and Table 3b compares current result with the earlier work
[1] for a heat generating isothermally cooled side walls.
Tables 1–3a,b clearly illustrates that the code has been rig-
orously validated and the test results agree very well with
the literature.
5. Results and discussion

This section demonstrates the influence of Rayleigh
number (Ra), Darcy number (Da), permeability ratio
(K*), inclination of principal axes (h), ratio of Forchheimer
constants (F*) and thermal conductivity ratio (k*) on the
flow behaviour and heat transfer. In this study, the perme-
ability K1 is assumed to be constant, as Darcy number is
defined in terms of K1 and the permeability K2 is varied
by K* (Eqs. (8), (18)). The section is divided into two parts,
the first part deals with the influence of parameters on the
flow behaviour and heat transfer. The second part deals
with the correlation for maximum temperature in the cav-
ity in non-Darcy regime. Various results have been ana-
lyzed in terms of streamlines, isotherms and maximum
temperature (Tm) in the cavity.
* = 10, h = 45� and k* = 1 with the variation of Darcy number (Da): (a)
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(i) Effect of Rayleigh number (Ra): The influence of Ray-
leigh number is shown in Fig. 2 for Da = 10�5,
h = 45�, K* = 0.1, F* = 10 and k* = 1 with the varia-
tion of Ra. It is observed that the flow consists of two
cells consisting of clockwise (right) and anti clockwise
(left) circulations. As the Rayleigh number increases,
the maximum temperature in the cavity (Tm)
decreases. The variation of Tm with Darcy number
for various Rayleigh numbers is shown in Fig. 3.
The decrease in Tm with the increase in Ra is due to
Fig. 5. Isotherms (left) and streamlines (right) for Ra = 107, Da = 5 � 10�4, F

K* = 0.1 (Tm = 0.075); (b) K* = 1 (Tm = 0.078); (c) K* = 10 (Tm = 0.094).
the increase in vortex strength. It is also observed that
the enhanced circulations closer to the cold walls
cause strong boundary layer effects on the side walls.
It may be noted that Tm always occur at the top edge
of the line of symmetry i.e. x = 0.5, y = 1.0 for isotro-
pic and orthotropic porous medium (h = 0� and 90�),
but for anisotropic porous medium (h = 45�) due to
higher permeability at an angle of 45� to the vertical
axis, the formation of stronger left vortex is observed
in Fig. 2. This shifts Tm towards right (0.526,1) for
* = 1, h = 90� and k* = 1 with the variation of permeability ratio (K*): (a)
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Ra = 107 and (0.679,1) for Ra = 108. It is also
observed in Fig. 2a for Ra = 107 the isotherms exhibit
minimal distortion, indicating that the conduction is
still dominant mechanism of energy transport. How-
ever with the increase in Ra, the temperature field is
significantly distorted due to higher convective trans-
port. The increase in heat transfer with the increase in
Ra is due to the induced temperature gradients
between the interstitial fluid and the externally cooled
side walls.

(ii) Effect of Darcy number (Da): Fig. 4 illustrates iso-
therms and streamlines for Ra = 5 � 107, h = 45�,
K* = 0.1, F* = 10 and k* = 1 for Darcy numbers
10�6 and 10�3. For a given set of parameters with
the increase in Darcy number, increase in vortex
strength is observed due to higher permeability of
the porous medium. This leads to increase in convec-
tive transport and thus increases energy transport
resulting in reduction of Tm. It is observed in Fig. 3
that Tm increases with the decrease of Darcy number.
As Darcy number (permeability) is reduced, the
obstruction for the flow field increases resulting in
reduction of velocity. It is observed in Fig. 4a for a
Da = 10�6, isotherms exhibit minimal distortion due
to lower permeability indicating the energy transport
is primarily by conduction. On the other hand, distor-
tion of isotherms may be observed in Fig. 4b due to
higher convective transport as higher permeability
provides lesser obstruction for the flow field leading
to increase in vortex strength. Therefore, Tm increases
as Da decreases and vice versa.

(iii) Effect of permeability ratio (K*): Fig. 5 illustrates iso-
therms and streamlines for Ra = 107, Da = 5 � 10�4,
h = 90�, F* = 1 and k* = 1 for various K* varying
within 0.1–10. It is observed that the maximum tem-
perature (Tm) increases with the increase in K*. The
increase in K* progressively weakens the vortex
strength due to decrease in permeability in the direc-
tion of K2. Also, the decrease in permeability causes
increase in obstruction for the flow field and that
retards the flow and decreases convective transport.
The isotherm patterns as shown in Fig. 5a–c illus-
trates that, gradual increase in magnitude of non
dimensional temperature is observed with the varia-
tion of K* from 0.1 to 10. The variation of Tm with
respect to K* for various k* is shown in Fig. 6 for
Ra = 107, Da = 10�4, h = 0� and F* = 1. It is
observed that irrespective of k*, Tm increases with
the increase of K*. Decreasing trend of Tm with the
increase of k* indicates that the energy transport
mechanism is enhanced due to increase in heat trans-
fer by conduction.

(iv) Effect of inclination of principal axes (h): Fig. 7 illus-
trates the influence of inclination of principal axes
(h) on the variation of Tm with K* for Ra = 107,
Da = 10�4, F* = 1 and k* = 1. It is observed that
for K* = 0.1, Tm increases with the increase in h from
0� to 90�. The permeability is larger in K2 direction
(vertical direction) for h = 0� with K* = 0.1 (Eqs.
(8), (18)), and as h increases the permeability
decreases in vertical direction. It is observed that
the permeability is 10 times less in vertical direction
for h = 90� when compared to that of h = 0� with
K* = 0.1. The decrease of permeability in vertical
direction with the increase of h increases the obstruc-
tion for the flow field and retards the flow. The reduc-
tion of velocity flow field results in decrease of
convective transport resulting in increase in Tm. Note
that, K* = 1 represents isotropic case which denotes
that Tm remains unchanged with respect to h. For
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K* = 10, a decreasing trend in Tm is observed with the
increase of h from 0� to 90�. For K* = 10 with h = 0�,
the permeability is 10 times less in vertical direction
(K2 direction), when compared to that of horizontal
direction (K1 direction). As h increases from 0� to
90� with K* = 10 the permeability increases 10 times
at an angle h to the horizontal axis. The increase of
permeability in vertical direction with the variation
of h from 0� to 90� leads to increase in energy trans-
port, resulting in decrease of Tm. Fig. 8 illustrates iso-
Fig. 8. Isotherms (left) and streamlines (right) for Ra = 108, Da = 10�5, K* =
(h): (a) h = 0� (Tm = 0.120); (b) h = 45� (Tm = 0.117); (c) h = 90� (Tm = 0.112
therms and streamlines for Ra = 108, Da = 10�5,
K* = 10, F* = 1 and k* = 10 with h ranging within
0–90�. It is observed that the isotherms exhibit mini-
mum distortion as h varies, indicating that the con-
duction is the dominant mechanism of heat
transfer. As permeability in vertical direction (K2

direction) is 10 times less than that of horizontal
direction (K1 direction) for K* = 10 with h = 0�, Tm

is larger compared to h > 0�. For h = 45�, due to
higher permeability (K1) at an angle of 45� to the ver-
10, F* = 10 and k* = 10 with the variation of inclination of principal axes
).
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tical axis the non symmetric nature of the vortices is
observed. It is also observed that the vortex strength
is larger with K* = 10 for h = 90� compared to h = 0�
due of higher permeability in vertical direction and
that results in decrease of Tm.

(v) Effect of ratio of Forchheimer constants (F*): The
influence of F* on Tm with the variation of Da and
Ra numbers is shown in Fig. 3 for K* = 1, h = 45�
and k* = 1. From Eqs. (12), (14) and (18) it can be
Fig. 9. Isotherms (left) and streamlines (right) for Ra = 108, Da = 10�3, K* = 1
k* = 0.1 (Tm = 0.054); (b) k* = 1 (Tm = 0.044); (c) k* = 10 (Tm = 0.037).
noted that for K* = 1 the influence of F* alone can
be brought out. It is observed that with the increase
in F*, a decrease in the value of F2 leads to the reduc-
tion of non-linear drag in the direction of F2 (Fig. 1).
As it is well understood that the increase in velocities
of the flow field leads to the increase in non-linear
drag, evidently the lower velocities of the buoyancy
induced flows for the considered range of parameters
result in the insignificant nature of F*
, h = 0� and F* = 1 with the variation of thermal conductivity ratio (k*): (a)
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(vi) Effect of thermal conductivity ratio (k*): Fig. 6 illus-
trates the variation of Tm with K* and k* for
Ra = 107, Da = 10�4, h = 0� and F* = 1. The maxi-
mum temperature (Tm) decreases with the increase
in k* irrespective of K*. It is observed that Tm follows
increased trend with the increase of K* due to the
decrease in permeability. For smaller K* (higher
Darcy numbers) and larger k*, the heat transport
mechanism is dominated both by convective and con-
duction. Hence, Tm is small compared to remaining
simulations shown in Fig. 6. The less distorted nature
of isotherms shown in Fig. 8 indicates that, conduc-
tion is the dominant mode of heat transfer for larger
K* (low Darcy numbers) and k* values. Fig. 9 illus-
trates the isotherms and streamlines for Ra = 108,
Da = 10�3, K* = 1, h = 0� and F* = 1 for various k*

ranging with in 0.1–10. It may be noted that the ther-
mal conductivity increases in vertical direction as k*

increases. Due to relatively larger thermal conductiv-
ity in the vertical direction, the temperature gradients
for the interstitial fluid for k* = 10 is smaller than
that for k* = 0.1 and 1. The increase in k* causes a
higher flow intensity in the enclosure resulting in
reduction of Tm. It is interesting to observe that the
isotherms shown in Fig. 8 for k* = 10 is more vertical
indicating the heat transport mechanism is domi-
nated by conduction.

(b. i) Correlation for maximum temperature (Tm): The max-
imum temperature (Tm) can be correlated in terms of
Rayleigh number (Ra), Darcy number (Da), perme-
ability ratio (K*), inclination of principal axes (h),
ratio of Forchheimer constants (F*) and thermal con-
ductivity ratio (k*) as

T m ¼ 0:631Ra�0:208Da�0:17ð1

þ sin hÞ0:084K�0:078F ��0:003k��0:062: ð30Þ
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Fig. 10. Parity plot for maximum temperature (Tm).
for the range 107
6 Ra 6 108, 10�6

6 Da 6 10�3, 0� 6 h 6
90�, 0.1 6 K* 6 10, 16 F* 6 100 and 0.1 6 k* 6 10. The
power equation (Eq. (30)) is generated by fitting the ob-
tained numerical data through multiple linear regression.
To use multiple linear regression, the equation is trans-
formed by taking logarithm (Detailed explanation can be
obtained from Ref. [25]). Parity plot with an error of
±10% is shown in Fig. 10. The maximum temperature ob-
tained by using the correlation (Eq. (30)) compares with an
average percentage error of 5.21% and with a correlation
coefficient of 0.982 to the values obtained by the numerical
study.

6. Conclusions

The problem of natural convection in a heat generating
anisotropic porous medium is analyzed numerically by gen-
eralized non Darcy approach. The present formulation is
rigorously validated with the results available in literature.
The anisotropic properties considered for the study are per-
meability ratio (K*), inclination of principal axes (h), ratio
of Forchheimer constants (F*) and thermal conductivity
ratio (k*) of the porous medium. The effect of each param-
eter on the flow and the temperature fields are demon-
strated in terms of isotherms, streamlines and maximum
temperature. A correlation for maximum temperature in
the cavity for 107

6 Ra 6 108, 10�6
6 Da 6 10�3,

0� 6 h 6 90�, 0.1 6 K* 6 10, 1 6 F* 6 100 and 0.1 6 k* 6

10 has been developed. Based on the parametric study
carried out the following conclusive remarks have been
obtained:

� As the Rayleigh number increases the maximum temper-
ature in the cavity (Tm) decreases. The increase in heat
transfer with the increase in Ra is due to induced density
gradients in the interstitial fluid which is due to the gen-
erated heat together provided by the cooling at the
external walls.
� With the increase in Darcy number (permeability) larger

flow velocity is observed. This led to increase in convec-
tive transport and thus increases energy transport result-
ing in decrease of Tm.
� For large permeability ratios (K* > 1) as the anisotropic

orientation angle varies from h = 0� to 90�, the convec-
tive strength of the flow field increases. The heat trans-
port is maximum for h = 90� due to higher
permeability in vertical direction.
� For small permeability ratios (K* < 1) as the anisotropic

orientation angle varies from h = 0� to 90�, the convec-
tive strength of the flow field gradually diminishes. Due
to higher permeability for h = 0� in vertical direction the
convective transport is maximum.
� The heat transfer mechanism is observed to be more

(less) when the porous matrix is oriented in such a
way that the principal axes with higher permeability is
parallel (perpendicular) to the vertical direction.
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� The effect of ratio of Forchheimer constants (F*) is
found to be insignificant for considered range of
parameters.
� A large thermal conductivity ratio (k* > 1) causes higher

flow intensity in the enclosure. The vertical nature of
isotherms for k* > 1 indicates that the heat transfer
mechanism to be dominated by conduction. A low ther-
mal conductivity ratio (k* < 1) is observed to have influ-
ence on isotherms and streamlines for higher Darcy
numbers and found to reduce with the decrease of Darcy
number.
� The correlation developed using regression analysis for

wide range of parameters gives fairly accurate predic-
tions for the maximum temperature in the cavity. The
correlation coefficient and the average percentage error
for the correlation are 0.982 and 5.21%, respectively to
the values obtained by the numerical study.
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