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The problem of natural convection with heat source located at the bottom surface of a cavity containing
anisotropic porous medium is analyzed numerically by a generalized non-Darcy approach. Initially for
a Darcy-Rayleigh number of Ra;, = 1000 the computations are carried out both in non-Darcy (Ra =
10°; Da = 10~2) and Darcy (Ra = 10%; Da = 10~6) regimes by varying the anisotropic properties of the
porous medium. The properties considered for the study are permeability ratio (K*), inclination of the
principal axes (6) and ratio of Forchheimer constants (F*). Results are presented in terms of Isotherms,
streamlines, maximum temperature and average Nusselt number to understand the flow physics. It is
observed that the anisotropic properties have significant influence on the flow behavior and heat transfer.
Further correlations for average Nusselt number and maximum temperature at the heat source surface
for wide range of parameters (107 < Ra < 108, 107> < Da < 1073, 0.2 < w < 0.8, 0° < 6 < 90°, 0.1 <

Keywords:

Natural convection

Generalized non-Darcy approach
Anisotropic porous medium
Finite heat source

K* <10 and 1 < F* < 100) in non-Darcy regime are presented.
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1. Introduction

Natural convection in fluid saturated anisotropic porous media
has attracted many researchers because of its wide spectrum of
applications in engineering and nature. Such applications include
thermal insulation, certain biological materials, casting of metal
matrix composites, flow in mushy region of a solidifying alloy and
flow past heat exchanger tubes [1,2]. The problem of heat source
located on the bottom surface of a porous layer finds applications
in disposal of nuclear wastes, electronic circuits, geothermal areas
which consists of troughs of volcanic debris contained by walls
of non-fragmented ignimbrite [3,4]. Prasad et al. [5] numerically
studied two-dimensional natural convection in a rectangular cavity
with finite isothermal heat source centrally located at one vertical
wall. Hsiao et al. [6] numerically studied steady natural convec-
tion in an inclined porous cavity with a discrete heat source on
a wall. El-Khatib and Prasad [4] and Robillard et al. [7] studied
natural convection from a heat source on the bottom surface of a
porous layer. Kimura and Bejan [8] studied natural convection in
a stably heated corner filled with fluid saturated porous medium.
Degan and co-investigators [9-11] numerically investigated natu-
ral convection in fluid saturated porous medium which is assumed
to be hydrodynamically anisotropic with its principal axes ori-
ented in a direction that is oblique to gravity vector. Mamou et
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al. [12] demonstrated that, the orientation of principal axes and
permeability ratio have significant influence on the stability of the
system for an anisotropic porous medium heated from below by
a constant heat flux. Recently, Degan et al. [3] investigated non-
Darcy natural convection arising from line or point heat source in
a hydrodynamically anisotropic porous medium. In their study the
principal axes is oriented in a direction that is oblique to the grav-
ity vector.

It is evident from literature that the natural convection with
heat source embedded in an anisotropic porous media is lim-
ited to either Darcy’s relation or its modified forms. However,
the earlier studies [13-16] in isotropic porous medium with gen-
eralized non-Darcy model suggests that the parameters such as
Rayleigh number (Ra), Darcy number (Da), Forchheimer constant
(F) and porosity (¢) do have significant influence on flow behav-
ior. Nakayama et al. [17] numerically studied fluid flow and heat
transfer through an anisotropic porous medium and demonstrated
the function of macroscopic flow angle on directional Forchheimer
coefficient. Knupp and Lage [18] provided tensor formulation for
permeability and Forchheimer coefficients in which the principal
axes were aligned with a Cartesian system of coordinates. Till date,
a comprehensive study on natural convection in presence of heat
source in anisotropic porous medium with proposed correlations
for average Nusselt number and maximum base temperature in the
non-Darcy regime is yet to appear in the literature.

The present study is a first attempt to analyze natural convec-
tion inside a square cavity filled with porous medium which is as-
sumed to be anisotropic both in permeability and Forchheimer co-
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Nomenclature

C Forchheimer coefficient (Egs. (8), (9) and (13)) m™!
Cc* ratio of Forchheimer coefficients (Eq. (11))
Cp specific heat ..............ccooiiiiiiiin.. Jkg= 1K1
Da Darcy number (Eq. (17))
F Forchheimer constant
F* ratio of Forchheimer constants (Eq. (10))
g acceleration due to gravity ..................... ms~

3
Gr Grashof number (= ‘g’%‘—z”)

s
K permeability .........oeiiiii e m?
k thermal conductivity ...................... Wm~1K!
K* permeability ratio (Eq. (7))
k* thermal conductivity ratio (Eq. (15))
L cavity width (characteristic dimension) ............ m
Nu local Nusselt number (Eq. (24))
Nu average Nusselt number (Egs. (25) and (26))
P PIESSUTE ...ttt et et Nm—2
Pr Prandtl number
q’ heat flux at the source ........................ Wm™2
Ra Rayleigh number (Eq. (17))
Rap Darcy-Rayleigh number (= RaDa)
T temperature/non-dimensional temperature ......... K
t EIMIE et e S
Tm non-dimensional maximum source temperature
Tmax non-dimensional maximum temperature for constant
heat flux at side walls

T non-dimensional temperature at heat source surface
u volume averaged velocity in x-direction ....... ms~!
v volume averaged velocity in y-direction ....... ms~!
V] magnitude of velocity vector (= vu2+v2) .... ms~!

efficient. It may be noted that the anisotropy is employed based on
various inclinations of principal axes oriented with respect to grav-
ity vector. For Darcy-Rayleigh number of Ra, = 1000 and ¢ = 0.8,
the computations are carried out both in non-Darcy (Ra = 10°;
Da = 1072) and Darcy (Ra = 10%; Da = 10~°) regimes by varying
the anisotropic properties of the porous medium. The main pa-
rameters for the study are permeability ratio (K* =0.1, 1 and 10),
inclination of principal axes (6 = 0°, 45° and 90°) and ratio of
Forchheimer constants (F* =1 and 10). In addition, the follow-
ing wide range of parameters such as Rayleigh number (107 <
Ra < 109), length of heat source (0.2 < w < 0.8), Darcy number
(10~° < Da < 10~3), permeability ratio (0.1 < K* < 10), inclination
of principal axes (0° < 6 <90°) and ratio of Forchheimer constants
(1 < F* < 100) have been considered to obtain correlations for av-
erage Nusselt number and maximum source temperature (Tp,).

The objectives of the present work are chosen (a) to study the
influence of parameters such as Ra, Da, w, K*, & and F* in Darcy
and non-Darcy regimes on the average Nusselt number and max-
imum temperature at the heat source surface and (b) to obtain
correlations for average Nusselt number and maximum tempera-
ture at the heat source surface in an anisotropic porous cavity with
a finite heat source at the bottom wall, which is of practical im-
portance.

2. Mathematical formulation

The physical model as shown in Fig. 1 consists of a square cav-
ity L x L whose side walls are kept at a constant temperature T.
The bottom wall contains a symmetrically placed embedded heat
source with constant heat flux, ¢ with length w. The remaining
parts of the bottom wall and the entire upper wall are adiabatic. It
is assumed that the solid matrix of the porous media which is sat-

w non-dimensional length of heat source
X,y coordinate axis
Greek symbols
¥ stream function
¢ u, v or T variable
0 AENSILY .ttt kgm—3
v kinematic viscoSity ............coeiiiiiiiiinnn.. m?s~!
n viscosity of fluid ...........cooviiiiiiiini.n. Nsm—2

e ok 21
Oy thermal diffusivity (= 7 pC; )f) ................. m*s
B coefficient of thermal expansion ................. K1
e porosity (void volume/total volume)
0 inclination of principal axes ................... degree
o ratio of heat capacities (Eq. (4))
Subscripts
f fluid
p porous medium
o) solid matrix
h hot
c cold
1,2 direction of principal axes
Superscripts
! non-dimensional quantities
= tensor
* ratio of anisotropic properties
n,n—1 present and previous time step
i,i—1 present and previous mesh index

oar
VA oy ©
/ /
K, Fa
K, F
L T T,
e
g X
Anisotropic
Porous Medium

5 &

L

Fig. 1. Problem geometry.

urated by a homogeneous incompressible fluid does not undergo
deformation and is anisotropic in permeability (Eq. (6)) as well as
in Forchheimer coefficient (Eq. (8)). The fluid is assumed to be in
local thermal equilibrium with the solid matrix. The thermophysi-
cal properties of the fluid are considered to be constant except for
the density in the buoyancy term. Generalized non-Darcy approach
has been considered and the governing equations are solved us-
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ing a pseudo-transient approach. Hence, the equations in terms of
primitive variables for transient flow can be written as follows

v-v=0 (1)
S (2) ]
g | ot £
= VP + %vzv = %v —CpVIVI+piBeT —To)  (2)
T .
(pCp)f[a%) +V. VT] =V.(kVT) (3)

where

o= epfCpr + (1 — &) PsoCpso
B psCpy

k=eks+ (1—e&kso (5)

= Kqcos?0 + K, sin? @ (K1 — K3) sin6 cos 6
- [(Iﬁ — Kz)sinfcos® Kz cos20 + Kq sin29:|
K

T K

= [Cicos?0+Cy sin®0  (Cq — Cy)sinf coso

|:(C1 —C3)sinfcos® Cycos26 + Cq sinze}

—

K*

Ci = Fq Cy = F (9)
UG T /K
F
F*=-1 and (10)
i)
C F*
=l o (1)
G JK*

Substituting K* (Eq. (7)) in Eq. (6) and by applying inverse, the
permeability tensor can be reduced to

—

(12)

K* cos? 6 + sin® 6

ﬁ_l cos26 + K*sin® 6
T K1 | (1= K*)sin6 cos6

(1 —K*)sin6 cos@]

Substituting C* (Eq. (11)) in Eq. (8), the Forchheimer coefficient
tensor can be reduced to

F Fq [ cos2 6 + ‘é’?sinze a- ‘/F?)sinecose] (13)
VK1 L= ‘/Fli_*)sinecose ‘/FLi_*cosze—l—sian

= ky O

k=|"* ], (14)
ki
k

k=2 (15)

=
Substituting k* (Eq. (15)) in Eq. (14), the thermal conductivity ten-
sor can be reduced to

= 1 0
k=kx[0 k*] (16)

The following non-dimensional parameters are employed

X/ = f ! = X = kX
L L’ (PCp)f
u'=u/(ax/L), V' =v/(ax/l), t'=t/(L*/ay) (17)
v K ATL3 P
pr=-L Da:—z], Ra= $PATL P’:72f
Ox L VOl (paz/L?)
T-T "L
T = ¢ oar=1-
AT ky

For the sake of convenience prime symbol has been ignored and
the governing equations in non-dimensional form are as follows:

9
A (18)

ax oy
18u+u3u+v8u
edt &203x €29y

_ 8P+Pr 82u+82u
Toax o e \oax2  9y?
Pr
- E[u(cosze +K*sin?6) + v((1—K*)sin6 cosf)]

F v K*
- —][u <c0529 + ~—sin? 9)
+/Da F*
+ K*
+v<<1 - )sin@cos@)]\/u2+v2 (19)
u av

]8v+ +vav
g ot  €29x €29y

9P Pr 32v+82v
T3y e \oax2  ay?

- % [u((1 = K*)sin6 cos) + v(K* cos? §+sin®6)]

- %[u((l - i_#i_*) sin@cos@)

Vv K*
+v<?c0529+sin29>]\/u2+v2+Ra-Pr-T (20)
doT)  oT 9T 9°T  0°T

(21)

U—4Vv—=— +k"—
ot + 8x+ ay  o9x? ay?

In the non-dimensional governing equations the Forchheimer con-
stant is taken as F; ~ 0.55 which was experimentally measured by
Ward [19] (also in [20]) and u and v are volume averaged com-
ponents. The Prandtl number is taken to be 0.71 throughout the
computations.

To check the validity of the present formulation and numerical
procedure two different cases have been considered:

Case 1: Isothermally cooled side walls with finite heat source at
the bottom wall.

Case 2: Constant heat flux at the side walls.

Initial and Boundary conditions are as follows (cases 1 and 2):

t=0; u,v=0, T=0

Top wall

t>0; u,v=0,

oT

— =0 aty=1L; 0<x<L

ay

Bottom wall

Case 1

t>0; u,v=0,

oT

— =0 aty=0; 0<x<05—-w/2

ay

oT

E:—l at y=0; 0.5—w/2<x<054+w/2
oT

HZO aty=0; 05+w/2<x<L (22)
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Case 2

t>0; u,v=0,

oT
— =0 aty=0; 0<x<L
ay

Left wall

Case 1

t>0; u,v=0,
T=0 atx=0; 0<y<lL
Case 2

t>0; u,v=0,
oT
-1
09X

Right wall

atx=0; 0<y<lL

Case 1

t>0; u,v=0,
T=0 atx=1L; 0<y<lL

Case 2

t>0; u,v=0,
oT
e
ax

The fluid motion has been displayed in terms of streamlines. The
following relationships between the velocity components (u and v)
and stream function () have been used

oo
ax’ T oy

The overall heat transfer rate is represented by average Nusselt
number.

atx=1L; 0<y<L

(23)

Case 1: The local Nusselt number at a given point on the heat
source surface is defined by

1
Nu = (24)
Ts(x)
The average Nusselt number is defined by
1 r 1
Nu=— / dx (25)
w J Ts(x)
0
Case 2
— 1
_ 26
U= (26)

Here, AT is the temperature difference between the mid height
nodes at the vertical walls (Nithiarasu et al. [2]).

3. Numerical procedure

The governing equations have been discretized by using finite
volume method. Quadrilateral cells in a semi-staggered arrange-
ment introduced by Hirt et al. [21] have been employed. Velocity
nodes are located at the vertices and pressure nodes are located at
the centroid of the quadrilateral cells. First order upwind scheme is
used for convective term formulation. Non-uniform grid has been
employed.

For pressure and velocity coupling, the SIMPLE algorithm of
Patankar [22] is used. The momentum equations are solved by
Gauss-Seidel point by point iteration method. The iteration process
is continued until the following convergence criterion is achieved.

il — 41”?1‘_”
2 i1

where ¢ represents u, v or T variables.

<1078 (27)

4. Grid independence and validation

To validate the predictive capability and accuracy of the code,
computations are performed with various configurations and
boundary conditions. The simulation results are compared with
the available literature [2,10,23] and the following strategies have
been used.

Based on the definitions of porosity and Darcy number, as
porosity tends to unity and Darcy number tends to infinity, the
behavior of the porous media should tend towards single-phase
fluid. For porosity being unity the total volume is identical with
void volume. Darcy number, which is the non-dimensional form
of permeability, can be stated as the ability of the solid matrix to
allow the fluid to flow through it. If Darcy number tends to infin-
ity, the ability of the fluid to flow through the solid matrix should
tend to infinity, i.e. the restriction of the solid matrix should tend
to zero. These concepts are useful to validate the codes for single
phase fluid.

It may be noted that the simulations are based on non-uniform
grid (uniform in x-direction, cosine in y-direction). To ensure the
results obtained by the numerical study are independent of the
computational grid, grid independence studies are carried out us-
ing Eq. (28) between two consecutive grids for maximum temper-
ature. It is important to note that the number of iteration steps
satisfying the convergence criteria increases with the increase in
mesh size and this ensures a balance of convergence and compu-
tational time. It is found that the percentage deviation between
121 x 61 and 201 x 81 is less than 1%. Therefore a grid size of
121 x 61 is considered for simulation studies.

Ti _ Tl‘fl
%Error = (%) -100 (28)
m

where T,; denotes maximum temperature for present grid size.

T,';l denotes maximum temperature for previous grid size.

In order to check the validity of the present porous media code,
the parameters & = 0.999, Da = 10% and anisotropic properties,
f =0° K*=1 and F* =1 are assumed as input. The simulation
results are compared with the earlier work of Sharif and Mo-
hammad [23] for natural convective flow in cavities with that of
single phase fluid in presence of constant heat flux at the bottom
wall and isothermal cooling from the side walls. The comparison
between the present results with Sharif and Mohammad [23] is
shown in Table 1.

Table 1
Comparison of present results for finite heat source with single phase fluid (Da =
105, £ =0.999, Pr=1,0=0°, K* =1 and F* =1).

S. no. Gr w Nu (Eq. (25)) Thin
Present Sharif and Present Sharif and

Mohammad Mohammad
[23] [23]

1 10° 0.2 5.745 5.926 0.1867 0.1819

2 10° 0.6 5.731 5.864 0.2422 0.2432

B 10° 0.8 5.761 5.864 0.2631 0.2651

4 10* 0.4 4.082 4132 0.2760 0.2745

5 10 0.6 9.691 9.949 0.1603 0.1631

6 108 0.2 11.060 11.341 0.1091 0.1092
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Table 2
Comparison of present results for anisotropic porous medium (Ray =500, € =0.6, k* =1 and Pr=1).
S. no Ra Da 0 K* Nu (Eq. (26)) I
Present Degan and Nithiarasu Present Degan and Nithiarasu
code Vasseur [10] et al. [2] code Vasseur [10] et al. [2]
1 5 x 107 10—> 90 1073 5.652 5.909 5.660 0.241 0.247 0.248
2 5 x 10° 103 90 103 4.489 4.727 4.560 0.295 0.305 0.305
3 5 x 107 10—> 45 102 1.122 1.173 1.174 0.547 0.576 0.569
4 5 x 10° 103 45 10? 1.121 1.170 1.170 0.547 0.576 0.570
5 5 x 107 10> 0 102 9.452 10.781 9.950 0.245 0.261 0.236
6 5 x 10° 103 0 102 5.064 5.414 4.729 0.293 0.304 0.314
The formulation for permeability tensor available in literature Table 3

[2,10] has been considered assuming permeability Ky inclined with
angle 6 to vertical axis. In the present study for the sake of con-
venience, the permeability tensor has been formulated assuming
permeability K; with angle 6 to horizontal axis (x-axis). Therefore,
the angle ‘0’ in the current study differs by 90° from the value re-
ported by literature. For the validation of natural convective flow
in anisotropic porous medium for wide range of permeability ra-
tios, the case with constant heat flux boundary condition at the
vertical side walls (case 2) has been considered and the results
are compared with earlier works [2,10] by neglecting Forchheimer
term and comparison is shown in Table 2. In summary, the rig-
orous tests of validation of computer code have been extensively
carried out as shown in Tables 1 and 2. Finally, it may be remarked
that, our test results agree well with the literature for both finite
heat source and for anisotropic porous media.

5. Results and discussion

The following section demonstrates the influence of anisotropic
properties such as permeability ratio (K*), inclination of princi-
pal axes (0) and ratio of Forchheimer constants (F*) on the flow
behavior and heat transfer. In this study, the permeability, K is
assumed to be constant, as Darcy number is defined in terms
of K1 and the permeability K, is varied with the change in K*
(Egs. (7) and (17)). This section is based on two parts, the first
part deals with the influence of anisotropic properties on the flow
behavior and heat transfer within non-Darcy and Darcy regimes. In
the second part the correlation for maximum temperature at the
heat source surface in non-Darcy regime is obtained. The results
are illustrated in terms of streamlines, isotherms, average Nusselt
number and maximum temperature (Tp,) on the heat source sur-
face.

5.1. Comparison of non-Darcy and Darcy regimes

The anisotropic porous medium is provided with a symmetri-
cally embedded heat source with constant heat flux which is 0.4
times of the length (L). The side walls are cooled with a constant
temperature T, and the remaining parts of the bottom wall and
the entire upper wall are adiabatic. For a Darcy-Rayleigh number
(Ram = Ra - Da), Ray, = 1000 and porosity of 0.8, the computations
are carried out both in non-Darcy (Ra = 10°, Da = 10~2) and Darcy
(Ra =10°, Da = 10~%) regimes separately.

a) Non-Darcy regime (Ra = 10°, Da = 10~2)

i) Effect of permeability ratio (K*): It is observed from Table 3
that with the increase in K* for all & and F*, average Nusselt
number decreases and maximum source temperature (Ty,;) in-
creases. The illustration is carried out in terms of isotherms
and streamlines as shown in Fig. 2 for § = 45° and F* =
with the variation of K* from 0.1 to 10. It is interesting to ob-
serve that, vortex strength decreases with the increase in K*

Influence of anisotropic properties in the non-Darcy flow regime (Ra = 10°, Da =
1072, £=0.8, Pr=0.71 and w = 0.4).

S. no. 0 K* F* Nu T Location
(Eq. (25))
1 0 0.1 1 5.629 0.2196 0.500, 0
2 0 1 1 5.188 0.2346 0.500, 0
3 0 10 1 4.296 (0.2707) 0.500, 0
4 45 0.1 1 5.457 0.2252 0.510, 0
5 45 1 1 5.188 0.2346 0.500, 0
6 45 10 1 4.423 0.2645 0.490, 0
7 90 0.1 1 5.310 0.2303 0.500, 0
8 90 1 1 5.188 0.2346 0.500, 0
9 90 10 1 4.609 0.2566 0.500, 0
10 0 0.1 10 5.747 (0.2160) 0.500, 0
11 0 1 10 5.374 0.2280 0.500, 0
12 0 10 10 4.319 0.2697 0.500, 0
13 45 0.1 10 5.514 0.2232 0.510, 0
14 45 1 10 5.299 0.2306 0.500, 0
15 45 10 10 4.459 0.2631 0.489, 0
16 90 0.1 10 5.329 0.2296 0.500, 0
17 90 1 10 5.236 0.2329 0.500, 0
18 90 10 10 4.651 0.2549 0.500, 0

and this is due to decrease in permeability in the direction of
K>. The variation of average Nusselt number and Ty, is shown
in Fig. 3 with K*. A decreasing trend of average Nusselt num-
ber and increased trend of Ty, is observed with the decrease
in permeability in vertical direction. This is due to the fact that
the decrease in permeability causes increase in obstruction for
the flow field, which retards the flow and decreases convective
transport. The decrease in convective strength leads to reduc-
tion of energy transport by which average Nusselt number
decreases and Tp, increases. The isotherm patterns as shown
in Fig. 2 (a)-(c) illustrates that a gradual increase in magni-
tude of non-dimensional temperature at the heat source as K*
varies from 0.1 to 10.

ii) Effect of inclination of principal axes (6): It is observed from Ta-
ble 3 and Fig. 3 that the variation of the average Nusselt num-
ber and Ty;, with K* does not follow the systematic trend with
the variation of 6. This is now explained as given below. It is
observed from Fig. 3 that with F* =1 and for K* = 0.1, the
average Nusselt number decreases and Tp, increases with the
variation of 6 from 0° to 90°. On the other hand for K* =10,
the variation is observed in reverse manner. With # = 0° for
K* = 0.1, the permeability K (i.e. vertical direction) is larger
than that with K;. As 6 increases from 0° to 90° the perme-
ability in vertical direction decreases and is 10 times less to
that of the horizontal direction for 6 = 90°. The decrease in
permeability in vertical direction causes increase in obstruc-
tion for flow which leads to decrease in average Nusselt num-
ber and increase in maximum source temperature for K* = 0.1
with 6 =90°. For K* = 10, the increase in permeability in ver-
tical direction with the increase in 6 from 0° to 90° causes
increase in average Nusselt number and decrease in Tp,. Based
on Eq. (10) with F* =10, it may be noted that the non-linear
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Fig. 2. Isotherms (left) and streamlines (right) in non-Darcy flow regime for Ra = 10°, Da=10"2, F* =1, § =45° and w = 0.4. (a) K* = 0.1 (T, = 0.225); (b) K* =1
(T =0.235); (c) K* =10 (T = 0.264).

drag is less in F, direction when compared to that of F;. Fig. 4
illustrates isotherms and streamlines for K* = 0.1 and F* =10
with the variation of 6 from 0° to 90°. The highest permeabil-
ity and lowest non-linear drag cause minimum obstruction for
the flow field and result in higher vortex strength. Therefore,
maximum vortex strength occurs for K* = 0.1, F* =10 and
0 =0°. As 0 increases from 0° to 90°, the decrease in perme-
ability and increase in non-linear drag in the direction of K
causes reduction in vortex strength. For F* =10, K* = 0.1 and

1, the heat transfer rate decreases with the increase of 6. This
is due to the fact that as 6 increases, the intensity of circu-
lation decreases. On the other hand, for K* = 10 the increase
in heat transfer rate is observed with the increase of 6. This
is due to the fact that for & = 0° with F* = 10 the non-linear
drag is lesser in vertical direction than that in horizontal di-
rection. The increase in non-linear drag for K* =1 in vertical
direction with the increase in 6 causes increase in obstruction
for flow field which leads to marginal decrease in heat trans-
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Fig. 3. Influence of K*, F* and 6 in non-Darcy regime on (a) average Nusselt num-
ber, (b) maximum temperature (Tp,).

fer. For K* = 0.1, increase in non-linear drag and decrease in
permeability with the increase in 6 causes reduction in heat
transfer rate. For K* = 10, increase in heat transfer rate is ob-
served with the increase in 6 from 0° to 90° as permeability
increases in vertical direction with the increase in 6.

iii) Effect of ratio of Forchheimer constants (F*): It is observed from

Table 3 and Fig. 3 that irrespective to the variation of K* and
0 with the increase in F*, the average Nusselt number in-
creases and T, decreases marginally due to the reduction of
non-linear drag. Due to the reduction of non-linear drag in
F, direction with increase in F*, there is a marginal increase
in vortex strength which in turn leads to marginal enhance-
ment of heat transfer. From Fig. 3 the difference in the values
of average Nusselt number and Ty, for & = 0° with K* =0.1
and 1 is observed to be reduced with K* = 10. The reduction
in variation reflects that the effect of non-linear drag reduces
with the decrease in permeability. For Ra = 10°, Da = 102 the
influence of F* can be considered to be insignificant as the
variation in the values of average Nusselt number and T, for
f# = 0° with K* = 0.1 is about 2%. As it is well understood
that the increase in velocities of the flow field leads to the in-
crease in non-linear drag. Evidently, the lower velocities of the
buoyancy driven flows for Ra = 10°, Da = 10~2 result in the
insignificant nature of F*.
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Table 4
Influence of anisotropic properties in the Darcy flow regime (Ra = 10°, Da = 10—,
£=0.8, r=0.71 and w =0.4).

S. no. 0 K* F* Nu T Location
(Eq. (25))
1 0 0.1 1 15.868 0.1029 0.500, 0
2 0 1 1 11.079 0.1466 0.500, 0
3 0 10 1 5.302 (0.2500) 0.500, O
4 45 0.1 1 14.191 0.1105 0.560, 0
5 45 1 1 11.079 0.1466 0.500, 0
6 45 10 1 5.439 0.2349 0.470, 0
7 90 0.1 1 15.220 0.1167 0.500, 0
8 90 1 1 11.079 0.1466 0.500, 0
9 90 10 1 5.873 0.2226 0.500, 0
10 0 0.1 10 16.021 (0.1013) 0.500, 0
11 0 1 10 11.125 0.1461 0.500, 0
12 0 10 10 5.304 0.2499 0.500, 0
13 45 0.1 10 14.225 0.1097 0.569, 0
14 45 1 10 11.129 0.1461 0.500, 0
15 45 10 10 5.442 0.2349 0.470, 0
16 90 0.1 10 15.446 0.1156 0.500, 0
17 90 1 10 11.132 0.1462 0.500, 0
18 90 10 10 5.876 0.2225 0.500, 0

b) Darcy regime (Ra = 10°, Da = 107%)

i) Effect of permeability ratio (K*): It is observed from Table 4 and

Fig. 5 that with the increase in K*, for all 6 and F*, the av-
erage Nusselt number decreases and Tj, increases. To analyze
the influence of K*, isotherms and streamlines are shown in
Fig. 6 with the variation of K* from 0.1 to 10 for 6 = 45° and
F* = 1. Reduction of vortex strength and increase in magni-
tude of temperature field are observed with increase in K*.
The decrease in vortex strength is due to the decrease in per-
meability in the direction of K, as the obstruction for the flow
field increases in vertical direction. The decrease in convective
transport due to retardation of flow leads to the reduction of
heat transfer rate and increase in Tp,.

ii) Effect of inclination of principal axes (0): It is observed from

Table 4 and Fig. 5 that, the maximum source temperature
(Trm) increases with 6 for K* = 0.1, whereas it decreases for
K* =10 with the increase in 6. The decrease in average Nus-
selt number is observed with the increase in 6 from 0° to 45°.
On the other hand, increase in average Nusselt number is ob-
served with the increase in 6 from 45° to 90° for K* = 0.1,
but for K* = 10 an increasing trend is followed. The physics
for this irregular behavior is explained in terms of stream-
lines, isotherms, local Nusselt number and temperature dis-
tribution over the heat source. Fig. 7 illustrates streamlines
and isotherms and Fig. 8 illustrates the local Nusselt num-
ber and temperature distribution at the heat source surface for
Ra=10° Da=107% K*=0.1 and F* = 10 with the variation
of 6 from 0° to 90°. It is observed in Fig. 7 that for K* = 0.1 as
the anisotropic orientation angle increases from 0° to 90°, the
convective strength of the flow field gradually decreases due to
the reduction of permeability in vertical direction. The higher
permeability for & = 0° in vertical direction causes higher con-
vective transport when compared to that of 45° and 90°. The
asymmetric nature in isotherms, streamlines from Fig. 7 and
local Nusselt number and temperature distribution is observed
in Fig. 8 for & = 45°. The larger permeability at 45° inclina-
tions causes the asymmetric nature. This is due to the fact that
the strong left vortex leads to higher energy transport in left
portion of the cavity and shifts the peak of the base tempera-
ture towards right. The higher energy transport in left portions
of the cavity can be reflected from higher values of local Nus-
selt number in the left portion of the cavity. This causes the
maximum base temperature to shift towards right (0.569, 0).
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(T =0.223); (c) 6 = 90° (T = 0.2296).

(c)

1.0

0° (T = 0.216); (b) 6 = 45°

For 6 = 90°, the decrease in vortex strength and the move-
ment of the vortices towards downward portion due to lower
permeability causes increase in maximum base temperature
and decrease in local Nusselt number. The decrease in average
Nusselt number and increase in maximum base temperature
for 6 = 45° can be explained in terms of temperature distri-
bution and local Nusselt number over the heat source. Due
to the weak right vortex which can be observed in Fig. 7(b)
for & = 45° when compared to that of 6 =0° (Fig. 7(a)) and

6 =90° (Fig. 7(c)) the magnitude of local Nusselt number in
the right half of the cavity is less. As a result the magnitude
of the temperature distribution from (0.569,0) to (0.7,0) is
more for & = 45° when compared to that of 6 =0° and 90°.
This can be referred for the uneven variation of average Nus-
selt number for 0 = 45°. Increase in average Nusselt number
and decrease in Ty, is observed for K* = 10. It may be noted
that the permeability Ky is assumed in terms of Darcy num-
ber and the permeability, K, is 10 times less compared to K
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Fig. 5. Influence of K*, F* and 6 in Darcy regime on (a) average Nusselt number,
(b) maximum temperature (Ty,).

for K* =10 and this results in vortex strength to be less for
6 = 0°. As 6 increases, the permeability in vertical direction
causes increase in vortex strength which in turn increases av-
erage Nusselt number and reduction in Tp,. From Fig. 5 for
K* =1, the influence of 6 on F* can be obtained. The in-
significant nature of F* reflects that in this regime the effect
of non-linear drag is negligible.

iii) Effect of ratio of Forchheimer constant (F*): It is observed from
Fig. 5 that F* is invariant with the variation of K* and 6. This
is due to the fact that the non-linear drag does not influence
the flow behavior at lower permeabilities.

Based on the simulation results for K* =10, 6 =0° and F* =1,
the linear and non-linear drags are maximum in vertical direction
resulting in T, to be maximum and average Nusselt number to be
minimum. For K* =0.1, 6 =0° and F* = 10, the linear and non-
linear drags are minimum in vertical direction resulting in Tp, to
be minimum and average Nusselt number to be maximum. The in-
crease in permeability and reduction in non-linear drag in vertical
direction cause the reduction of obstruction for the flow in vertical
direction and that result in increase in heat transfer and reduction
in maximum source temperature.

Based on the parametric study, the non-Darcy and Darcy flow
regimes are compared for a given Darcy-Rayleigh number (= Ra -
Da) and the observations are given below:

e For Darcy regime (Da = 1075), the large gradients are observed
near to the heat source surface. This results in increased con-
vective strength due to higher fluid velocities.

In the Darcy regime, as the Rayleigh number is high for a fixed
Darcy-Rayleigh number, the streamlines are dense. The larger
gradients in temperature result in increase of average Nusselt
number and decrease of maximum source temperature.

e In non-Darcy regime, larger convective mixing is found in the
interior due to higher permeability.

Based on Figs. 3 and 5 and the explanation carried out for F*,
the ratio of Forchheimer constants can be considered to be
insignificant.

5.2. Correlation for Ty, in non-Darcy regime

The range of parameters for the generation of correlation for
maximum temperature (Ty) and average Nusselt number at the
heat source surface in non-Darcy regime are 107 < Ra < 108,
107> <Da< 1073, 0.2 < w <08, 0°< 6 <90° 0.1<K*<10 and
1 < F* < 100. In this section, along with the generation of corre-
lation, the effects of Ra, Da and w on the flow behavior and heat
transfer have been illustrated in terms of isotherms, streamlines
and Tp,.

i) Effect of Rayleigh number (Ra): The influence of Ra is shown
in terms of isotherms and streamlines in Fig. 9 and in terms
of local Nusselt number and temperature distribution on heat
source in Fig. 10 for Da = 1073, w = 0.4, K* = 10, 6 = 45°
and F* =10. It is observed in Fig. 9 that as Rayleigh num-
ber increases, the vortex strength also increases. It is observed
in Fig. 10 that the peak of the temperature distribution along
the heat source surface shifts towards left. This is due to the
formation of strong right vortex as the permeability in the di-
rection of K, is more. The weak left vortex results in lower
energy transport in the left side of the cavity which can be
observed from the variation of local Nusselt number. Due to
higher vortex strength for Ra = 103 when compared to that of
107 the magnitude of temperature distribution for Ra = 107 is
observed to be less. The increase in vortex strength leads to
thinner velocity and thermal boundary layer and larger heat
transfer rate resulting in reduction of T, and increase in aver-
age Nusselt number.

ii) Effect of Darcy number (Da): Fig. 11 illustrates isotherm and
streamline patterns for Ra = 108, w = 0.4, K* = 0.1, 6 = 90°
and F* =1 with the variation of Darcy number from 1073 to
107>. For a given set of parameters with the decrease in Darcy
number, due to lower permeability of the medium, decrease
in vortex strength can be observed. This leads to decrease in
convective transport and as a result Ty, increases.

iii) Effect of heat source length (w): The size effects of the heat
source on the thermal and fluid fields are shown in Fig. 12 for
Ra=108, Da=10"%6=0° K*=1 and F* =1 of w from 0.2
to 0.8. Fig. 12 (a) and (b) indicate that, the convection stratifies
the temperature contours due to increase in heat source length
and Ty, increases with the increase in heat source length.

The influence of anisotropic properties has been already dis-
cussed in the comparison of Darcy and non-Darcy regimes.

Correlations for average Nusselt number and maximum tem-
perature at the heat source (T,;) can be correlated in terms of
Rayleigh number (107 < Ra < 10%), Darcy number (10> < Da <
1073), length of the heat source (0.2 < w < 0.8), inclination of
principal axes (0° < 6 < 90°), permeability ratio (0.1 < K* < 10)
and ratio of Forchheimer constants (1 < F* < 100) as
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Nl = 0.268Rq%323 Dg0-203 , ~0155 [+ —0.086 1 | gip ) —0.11 px—0.0018
(29)

n= 3_654Ra70.271Da70.172W0.3351 K*0'0769(] + sin9)0'07074

« Fr—0.0015 (30)
Parity plots for average Nusselt number and T, with an error band
of £10% is shown in Fig. 13. The average Nusselt number and max-
imum temperature at the heat source surface obtained by using
the correlation compares with correlation coefficients of 0.917 and

0.978 to the values obtained by the numerical study. It may be
noted that as the power of F* is —0.0018 for average Nusselt num-
ber and —0.0015 for T, the effect of F* can be neglected for the
considered range of parameters.

6. Conclusions

In the present study, the problem of heat source located on
the bottom surface of an enclosure containing anisotropic porous
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medium is analyzed numerically by generalized non-Darcy ap-
proach. The present formulation is rigorously validated with the
results available in literature. Initially, for a Darcy-Rayleigh number
Rap, = 1000, the computations are carried out both in non-Darcy
(Ra = 10°; Da =10"2) and Darcy (Ra = 10°; Da = 10~%) regimes
by varying the anisotropic properties of the porous medium. The
properties considered are permeability ratio (K*), inclination of
principal axes (0) and ratio of Forchheimer constants (F*). The ef-
fect of each parameter on the flow and the temperature fields are
demonstrated in terms of isotherms, streamlines, average Nusselt
number and maximum temperature at the heat source in order to
explain the physics of fluid and thermal transport in the chosen
geometry.

Subsequently, correlations for average Nusselt number and
maximum temperature at the heat source surface in non-Darcy
regime (107 < Ra < 108, 107° < Da <1073, 02 < w < 0.8, 0° <
6 <90° 0.1 < K*<10 and 1 < F* < 100) have been developed.
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non-Darcy flow regime for Da = 1073, § =45°, w =0.4, K* =10 and F* = 10.

The velocity and the temperature gradients close to the heat
source surface are enhanced in the Darcy regime due to in-
crease in Rayleigh number.

In the non-Darcy regime, convective mixing occurs in the in-
terior region due to higher permeability whereas in Darcy
regime the convective mixing occurs in the lower portions of
the cavity due to lower permeability.

Increase in convective strength due to higher fluid velocity
close to the heat source surface in Darcy regime (Da = 10~%)
results in reduction of maximum base temperature compared
to non-Darcy regime.

For 6 =0° with K* =0.1 and F* = 10, maximum enhance-
ment in heat transfer is observed. The higher permeability and
lower non-linear drag in vertical direction cause higher mobil-
ity of the fluid and increase energy transport.

The lower velocities of the buoyancy driven flows for the
considered parameters result in the insignificant nature of
F*. From Figs. 3, 5 and exponent of F* in Egs. (29) and
(30) it may be observed that influence of F* is insignifi-
cant.

With the increase of Rayleigh number, increase in vortex
strength is observed. The increase in vortex strength leads to
thinner velocity and thermal boundary layer resulting in en-
hancement of heat transfer by which Ty, is reduced.
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e Larger flow velocity is observed with the increase in Darcy
number (permeability). The increase in convective transport
due to larger flow velocity increases energy transport and

therefore Ty, is reduced.

e [t is observed that T, gradually increases due to the stratifica-
tion of temperature contours with the increase in heat source

length.

Correlations for average Nusselt number and maximum tem-
perature at the heat source are developed using regression
analysis for wide range of parameters. The correlations de-
veloped are found to compare well with the average Nusselt
number and maximum temperature based on numerical solu-
tions with correlation coefficients of 0.917 and 0.978 respec-
tively.
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