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Effects of Nonuniform Heating
and Wall Conduction on Natural
Convection in a Square Porous
Cavity Using LTNE Model
The effects of nonuniform heating and a finite wall thickness on natural convection in a
square porous cavity based on the local thermal nonequilibrium (LTNE) model are stud-
ied numerically using the finite difference method (FDM). The finite-thickness horizontal
wall of the cavity is heated either uniformly or nonuniformly, and the vertical walls are
maintained at constant cold temperatures. The top horizontal insulated wall allows no
heat transfer to the surrounding. The Darcy law is used along with the Boussinesq
approximation for the flow. The results of this study are obtained for various parametric
values of the Rayleigh number, thermal conductivity ratio, ratio of the wall thickness to
its height, and the modified conductivity ratio. Comparisons with previously published
work verify good agreement with the proposed method. The effects of the various parame-
ters on the streamlines, isotherms, and the weighted-average heat transfer are shown
graphically. It is shown that a thicker bottom solid wall clearly inhibits the temperature
gradient which then leads to the thermal equilibrium case. Further, the overall heat
transfer is highly affected by the presence of the solid wall. The results have possible
applications in the heat-storage fluid-saturated porous systems and the applications of
the high power heat transfer. [DOI: 10.1115/1.4037087]

1 Introduction

Natural convection heat transfer is an important phenomenon in
engineering systems because of its wide range of applications in
electronic cooling, heat exchangers, and double pane windows
[1]. Natural convection inside closed cavities filled with a porous
medium has received considerable attention over the past few
years and has seen an expansion in applications. Such applications
include the design of solar collectors, crystal growth, solar thermal
receivers, packed sphere beds, geothermal energy systems, uncov-
ered solar flat plates, and the migration of moisture. There is a
wide interest in natural convection in a porous medium in scien-
tific, engineering, and technology fields. The work on natural con-
vection in porous cavities is exhaustive and a good number of
excellent books currently available are testimonies to this wave of
interest. An excellent survey was made on the fundamental topic
of flows in porous media with an important issue from diverse
fields such as energy, civil, biotechnology, chemical, and environ-
mental engineering by Bejan et al. [2]. The book by Ingham and
Pop [3] presents an inclusive account of available information in
the field of transport phenomena in porous media and the area of
fluid mechanics and heat transfer which is closely related to
energy utilization and conservation. A recent comprehensive liter-
ature survey concerning convection in porous media was given by
Nield and Bejan [4]. The authors of this book provided an excel-
lent background in the field of convection in porous media, and
they also presented a comprehensive survey on the natural con-
vection and heat transfer in porous media. A very useful acquaint-
ance on the natural convection heat transfer of a porous medium
in the local thermal nonequilibrium (LTNE) model is also given
in Ref. [4].

Convection due to thermal interaction between solids and fluids
is termed conjugate heat transfer. Conjugate natural convection

heat transfer in cavities has received much attention because of its
importance in many engineering systems, such as solar energy
collectors, material processing, heat preservation of thermal trans-
port circuits, building energy components, and the cooling of elec-
trical units. Kaminski and Prakash [5] numerically studied the
effect of conjugate natural convection heat transfer in a square
cavity with a finite-thickness vertical wall and compared different
models of wall heat conduction. Baytaş et al. [6] numerically stud-
ied the conjugate natural convection heat transfer in a square cav-
ity filled with a porous medium and having two finite-thickness
horizontal plates. Saeid [7] numerically investigated the conjugate
natural convection in a porous square cavity with the effect of
conduction in one of the vertical walls. He found that the heat
transfer rate increased with an increase in the thermal conductivity
ratio. Saleh et al. [8] investigated the effect of conjugate natural
convection at the bottom wall on Darcy–B�enard convection in a
square porous cavity. Varol [9] first considered the free convec-
tion in a porous cavity with a centered conducting body. Chamkha
and Ismael [10] studied the effect of conjugate natural convection
heat transfer in a porous cavity filled with nanofluids and heated
by a thick triangular wall. Sheremet and Pop [11] used the finite
difference method to investigate the conjugate natural convection
heat transfer in a square porous cavity filled with a nanofluid.
Recently, Rees and Nield [12] investigated the effect of an embed-
ded solid block on unsteady Darcy–B�enard convection in a square
porous cavity. The horizontal walls were maintained at different
constant temperatures and the vertical walls were kept adiabatic.

Most of the previous studies considered the natural convection
heat transfer of a porous medium in local thermal equilibrium
(LTE), where the fluid temperature is equal to the solid tempera-
ture. The case when the fluid temperature is different from the
solid temperature is called LTNE. Haddad et al. [13] studied the
validity of the LTE assumption for natural convection in a porous
medium along a vertical flat plate. Their study was based on the
two-phase model, and they used the Brinkman term (no-slip con-
dition) to solve the problem. Zhang and Liu [14] proposed a crite-
rion for the LTE of forced convection flows in porous media using
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a numerical method based on the Brinkman–Forchheimer equa-
tion. On the other hand, several studies have considered the LTNE
for a porous medium. Baytaş and Pop [15] investigated the effect
of using the LTNE on natural convection in a porous cavity.
Anjum Badruddin et al. [16] studied natural convection and heat
transfer through a vertical annulus with a porous medium using
the LTNE model. Rees et al. [17] elaborated on the nuances of the
effect of LTNE model on heat transfer. The study of Kuznetsov
and Nield [18] analyzed the effect of natural convection on a hori-
zontal layer of a porous medium filled with a nanofluid using the
LTNE model. Very recently, Alsabery et al. [19] numerically con-
sidered the unsteady natural convection in a nanofluid-saturated
porous cavity by using the LTNE model.

Recently, the problem of natural convection in closed cavities
with various thermal boundary conditions has been given consid-
erable attention by several authors. Sarris et al. [20] considered
natural convection in a 2D cavity with a sinusoidal temperature
profile on the upper wall while the other walls were adiabatic by
using the finite volume method. Saeid and Yaacob [21] numeri-
cally considered natural convection in a square cavity filled with a
pure fluid with a nonuniform hot-wall temperature and a uniform
cold-wall temperature. Deng and Chang [22] numerically studied
the natural convection in a rectangular cavity filled with a pure
fluid and heated by two sinusoidal temperature distributions on
the vertical left and right sidewalls. Khandelwal et al. [23]
numerically studied the effect of periodicity of a sinusoidal
boundary condition on natural convection in a fluid-saturated
porous cavity. They found that the local heat transfer rate
decreased with the increasing of the height of the porous cavity.
Recently, Wu et al. [24] numerically considered the non-Darcy
natural convection in a square porous cavity with sidewalls heated
partially by a sinusoidal temperature profile under the LTNE con-
dition. However, to the best of our knowledge, the study of natural
convection in a porous cavity with a conjugate bottom wall based
on the LTNE has not been undertaken yet. Thus, the authors of
the present study believe that this work is valuable. The aim of
this study is to investigate the effects of nonuniform heating and a
finite wall thickness on the natural convection in a square porous
cavity based on the LTNE model. The conjugate heat transfer in
porous media when the thermal nonequilibrium conditions taken
into consideration is a very important phenomenon in the applica-
tions of the high power heat transfer. In the present work, the dis-
tribution of the heat that splits from the conjugate wall into the
fluid and the porous matrix phases are investigated.

2 Mathematical Formulation

The steady two-dimensional natural convection problem in a
square porous cavity with side L is illustrated in Fig. 1. The left
and right vertical surfaces are maintained at a constant tempera-
ture Tc, and the bottom solid wall of the porous cavity is heated
either uniformly or nonuniformly via the function T ¼ ðTh � TcÞ
sinð2px=LÞ þ Tc. The top horizontal wall is adiabatic. The follow-
ing assumptions are made:

(a) The Darcy model and the Boussinesq approximation are
applicable.

(b) The convective fluid and the solid matrix are not in local
thermodynamic equilibrium.

(c) The properties of the fluid and the porous medium are
homogeneous and isotropic.

(d) The fluid physical properties are constant except for its
density.

(e) The boundaries of the cavity are assumed to be
impermeable.

Under these assumptions, the governing equations can be writ-
ten as

@u

@x
þ @v

@y
¼ 0 (1)

@u

@y
� @v

@x
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lf
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1� uð Þkp
@2Tp

@x2
þ @

2Tp

@y2

 !
¼ h Tf � Tp½ � (4)

where K is the permeability of the porous medium, u is the poros-
ity of the medium, and g is the acceleration due to gravity. The
energy equation for the impermeable solid wall is

@2Tw

@x2
þ @

2Tw

@y2
¼ 0 (5)

Fig. 1 (a) Physical model of convection in a porous square cavity together with the coordi-
nate system and (b) grid-point distributions in the conducting wall (j £ ND 1 1) and porous
cavity (j > ND 1 1)
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We now define the stream function as follows:

u ¼ @w
@y

; v ¼ � @w
@x

(6)

and also introduce the following nondimensional variables:

X ¼ x

L
; Y ¼ y

L
; W ¼ w

uaf
; hf ¼

Tf � Tc

Th � Tc
; hp ¼

Tp � Tc

Th � Tc
;

hw ¼
Tw � Tc

Th � Tc
; H ¼ hL2

ukf
; c ¼ ukf

1� uð Þkp
(7)

Equations (1)–(5), on using Eqs. (6) and (7), now become

@2W
@X2
þ @

2W
@Y2
¼ �Ra

@hf

@X
(8)

@W
@Y

@hf

@X
� @W
@X

@hf

@Y
¼ @

2hf

@X2
þ @

2hf

@Y2
þ H hp � hf

� �
(9)
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where Ra ¼ gKqbðTh � TcÞL=ðulaf ) is the Darcy–Rayleigh
number of the porous medium. The dimensionless boundary con-
ditions for solving Eqs. (8)–(11) are [25]

W ¼ 0; on all solid boundaries (12)

hwðX; 0Þ ¼ 1 or sinð2pXÞ (13)

hf ð0; YÞ ¼ hpð0; YÞ ¼ hwð0; YÞ ¼ 0 (14)

hf ð1; YÞ ¼ hpð1; YÞ ¼ hwð1; YÞ ¼ 0 (15)

@hf X; 1ð Þ
@Y

¼ @hp X; 1ð Þ
@Y

¼ 0 (16)

hf ðX; SÞ ¼ hpðX; SÞ ¼ hwðX; SÞ (17)

@hf X; Sð Þ
@Y

¼ Kr
@hw X; Sð Þ

@Y
� c�1 @hp X; Sð Þ

@Y
(18)

where S¼W/L is the solid wall thickness and Kr ¼ kw=ukf is the
thermal conductivity ratio.

The local Nusselt number along the interface between the solid
wall and the porous region is defined as

Nu ¼ � @h
@Y

� �
Y¼S

(19)

The average fluid and porous Nusselt numbers evaluated at the
wall interface are defined, respectively, as

Nuf ¼
ð1

0

� @hf

@Y

� �
Y¼S

dX (20)

Nup ¼
ð1

0

� @hp

@Y

� �
Y¼S

dX (21)

We now define a weighted-average Nusselt number, Nuwa, in the
following way:

Nuwa ¼ u Nuf þ ð1� uÞNup (22)

3 Numerical Method and Validation

An iterative finite difference method (FDM) is employed to
solve the governing equations (8)–(11) subject to the boundary
conditions (12)–(18). The FDM solution begins with the finite dif-
ference equation (FDE) of the energy equations and the stream
function equation. The FDEs of Eqs. (10) and (20) are written in
the Gaussian successive over-relaxation formulation, respectively,
as
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i;j ¼ hpð Þki;jþ

kr
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Nuf ¼
DY

2

�@hf

@Y

� �
1;1

þ 2
�@hf

@Y

� �
1;2

þ �@hf

@Y

� �
1;3

"(

þ � � � þ �@hf

@Y

� �
1;ND

�
þ �@hf

@Y

� �
1;NDþ1

�
(24)

where

ðShp
Þi;j ¼ Hc½ðhpÞi;j � ðhf Þi;j� (25)

The FDE of the other equations can be treated in the same way,
where B ¼ DX=DY and kr is the relaxation parameter.

In this paper, several grid testings are performed: 20� 20,
40� 40, 60� 60, 80� 80, 100� 100, 120� 120, 140� 140, and
160� 160. Table 1 shows the calculated Nusselt number at differ-
ent mesh numbers for Ra¼ 103, c¼ 1, H¼ 1, Kr¼ 1, and S¼ 0.2.
The results show insignificant differences for the 140� 140 grids
and above. Therefore, for all computations in this paper for simi-
lar problems to this subsection, the 140� 140 uniform grid is
employed.

For the purpose of validating the data, the present figures are
compared with the ones provided by Saeid [7] for Ra¼ 103,
Kr¼ 0.1, and S¼ 0.2 as depicted in Fig. 2. In addition, a compari-
son is made between the resulting figures and the one provided by
Baytaş and Pop [15] as shown in Fig. 3. Figure 3 demonstrates the
comparison between the results of this study and the results pre-
sented by Baytaş and Pop [15] for Ra¼ 103, c¼ 10, H¼ 1, and
S¼ 0. A comparison is made between the resulting figures and the
one provided by Varol et al. [26] where the bottom wall was
heated by a nonuniform function of T¼Tcþ 0.5sin(2px) as shown
in Fig. 4. Figure 4 demonstrates the comparison between the
results of this study and the results presented by Varol et al. [26]
for Ra¼ 102 and S¼ 0. As observed from these comparisons, a
very good agreement between the results occurs.

4 Results and Discussion

This section presents numerical results for the streamlines, iso-
therms of the fluid phase and the isotherms of the porous phase
with various values of the Rayleigh number (101�Ra� 103),

Table 1 Grid testings Nusselt numbers at different grid sizes
for the case Ra 5 103, c 5 1, H 5 1, Kr 5 1, and S 5 0.2

Grid size Wmin Nuf Nup

20� 20 �4.65621 1.21029 1.92225
40� 40 �4.69997 1.59403 1.96048
60� 60 �4.74504 1.77536 1.98043
80� 80 �4.72563 1.85767 1.9838
100� 100 �4.73266 1.91738 1.98883
120� 120 �4.73755 1.99852 1.99412
140� 140 �4.74073 2.09152 1.99825
160� 160 �4.74175 2.09255 1.99972
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thermal conductivity ratio (Kr¼ 0.44, 1, 2.40, 9.90, and 23.8)
(epoxy–water: 0.44, brickwork–water: 1, glass–water: 2.40, epox-
y–air: 9.90, stainless steel–water: 23.8), the ratio of the wall thick-
ness to its height (0� S� 0.7), the modified conductivity ratio
(10�1� c� 104), and the interphase heat transfer coefficient
(10�1�H� 103). The weighted-average Nusselt number (Nuwa)
is calculated for various values of Ra, S, and c.

Figure 5 presents the effects of the modified conductivity ratio
(c) and the Rayleigh number (Ra) on the streamlines (left), iso-
therms of the global fluid phase (middle), and the isotherms of
the global porous phase (right) when the bottom wall is heated
uniformly (h¼ 1) for H¼ 1, Kr¼ 1, and S¼ 0.2. The isotherms
of the global fluid phase is the contour result of Eqs. (9) and
(11) and the isotherms of the global porous phase is the contour
result of Eqs. (10) and (11). Figure 5(a) compares the local ther-
mal nonequilibrium and local thermal equilibrium cases with a
low Rayleigh number (Ra¼ 102). In general, changing the flow
motion with the uniform boundary conditions set causes the
streamlines to create two similar rotating cells in different direc-
tions within the porous cavity. Contour level labels define the
direction of the fluid flow (clockwise or anticlockwise direction)
and also the strength of the flow. Positive W denotes anticlock-
wise fluid flow, whereas negative W designates clockwise fluid
flow. Wmin and Wmax represent the extreme values of the stream
function. These values are important to show the minimum and
maximum changes of the flow. The streamlines tend to appear
with high intensity next to the vertical walls of the cavity. The
isotherms pattern within the fluid phase tend to appear with

almost vertical lines close to the left and the right cold vertical
walls of the porous cavity, while in the middle of the cavity, the
isotherm patterns appear with curve lines due to the convective
heat transfer effects, whereas the isotherms pattern within the
porous phase occurs with smooth curve lines and less distorted
due to the low modified conductivity ratio. The isotherms pattern
appears smooth with less curve lines within the solid wall
affected by the high resistance to the conductive heat transfer in
the solid region. Increasing the value of the modified conductiv-
ity ratio to 1000 causes the flow and temperature distributions to
appear like the local thermal equilibrium case. The strength of
the flow circulation increases with the increasing of the modified
conductivity ratio. Because of the high modified conductivity
ratio (c¼ 1000), we achieved the thermal equilibrium case, and
the isotherms of the global fluid phase became similar to the iso-
therms of the global porous phase. The streamlines clockwise
and anticlockwise cells slightly expand. As the Rayleigh number
increases, the intensity of the streamlines increases together with
the cells sizes due to the strong buoyancy forces compared to
the viscous forces (see Fig. 5(b)). The strength of the flow circu-
lation is clearly increased with the increasing of the Rayleigh
number affected by the rising of the convection intensity. The
isotherms pattern of the fluid phase is highly distorted especially
next to the interface wall, whereas we observe less change in the
isotherms pattern of the porous phase. At a higher Rayleigh
number value, the strength of the flow circulation decreases with
an increase in the modified conductivity ratio (see Wmin and
Wmax values).

Fig. 2 Streamlines (a)—Saeid [7] (left) and present study (right) and isotherms (b)—
Saeid [7] (left) and present study (right) for Ra 5 103, Kr 5 0.1, and S 5 0.2
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Figure 6 depicts the effects of the modified conductivity ratio
(c) and the Rayleigh number (Ra) on the streamlines (left), iso-
therms of the global fluid phase (middle), and the isotherms of
the global porous phase (right) when the bottom wall is heated
nonuniformly (h¼ sin(2pX)) for H¼ 1, Kr¼ 1, and S¼ 0.2.
Figure 6(a) presents the flow behavior and the temperature dis-
tribution within the porous cavity for the local thermal nonequi-
librium case (c¼ 0.1) and low Rayleigh number (Ra¼ 102).
Applying a nonuniform heating on the bottom horizontal wall
significantly changes the flow behavior in which three stream-
lines rotating cells appear within the porous cavity. This is due
to the fact that the lower heating provided by the nonuniform
bottom boundary which leads to a less buoyancy effect and ther-
mal gradient. We observe the reduction on the strength of the
flow circulation with the nonuniform heating (see Wmin and
Wmax values). The isotherm patterns of the fluid and porous
phases appear as curved lines near the interface wall, while in
the middle of the porous cavity, the isotherms patterns show less
density. This is due to the greater thermal boundary layer thick-
ness with a nonuniform heating which leads to the inhibition of
the temperature gradient. The intensity of the streamlines is sig-
nificantly increased, and the streamlines occupy the entire
porous cavity with the increasing of the Rayleigh number. The
streamlines rotating cells are clearly affected with the Rayleigh
number rising; the streamlines clockwise cell expends diagonally
within the porous cavity, the streamlines anticlockwise cells near
the vertical walls, the big (primary) one expends vertically,
while the secondary small cell tends to shrink close to the right
boundary (see Fig. 6(b)). The isotherms pattern density is
slightly increased within the fluid phase with the increasing of
the Rayleigh number. This is due to the fact that the conductive
heat transfer increases with the Rayleigh number. It may also be
observed that the isotherms pattern within the porous phase
remains unchanged. The minimum strength of the flow circula-
tion decreases with the increasing of the modified conductivity
ratio, while the maximum strength increases (see Wmin and Wmax

values). A higher modified conductivity ratio (c¼ 1000) causes
the system to achieve the thermal equilibrium case which leads

to the similarity between the isotherms of theglobal fluid phase
and the isotherms of the global porous phase.

Figure 7 shows the effects of various thermal conductivity
ratios (Kr) on the streamlines (left), isotherms of the global fluid
phase (middle), and the isotherms of the global porous phase
(right) when the bottom wall is heated nonuniformly
(h¼ sin(2pX)) for Ra¼ 103, c¼ 10, H¼ 1, and S¼ 0.2. Changing
the flow motion with the boundary conditions set causes the
streamlines to create three different streamlines rotating cells.
The clockwise cell occurs in the center of the porous cavity, while
the two anticlockwise cells appear next to the cold vertical boun-
daries; the primary cell takes place next to the left wall and the
secondary cell tends to appear close to the bottom corner of the
right boundary. The isotherms pattern of the fluid and porous
phases appear with low density, while it occurs with high density
within the solid wall due to the lower thermal conductivity ratio
(Kr¼ 0.44) (see Fig. 7(a)). The intensity of the streamlines
increases within the middle of the porous cavity with the increase
of the thermal conductivity ratio, and as a result, the strength of
the flow circulation increases (see Wmin and Wmax values). It is
also noted that the clockwise and the primary anticlockwise cells
expand with this increase in the thermal conductivity ratio. This
happens due to the reduction of the thermal resistance as the ther-
mal conductivity ratio increases. The isotherms pattern within the
solid wall shows less density and more heat moves to the porous
cavity. This is due to the reduction of thermal resistance of the
solid wall which leads to a strong temperature gradient with the
increase in the thermal conductivity ratio. At the higher thermal
conductivity ratio, the streamlines clockwise cell expends diago-
nally within the porous cavity. The primary streamlines anticlock-
wise cell near the vertical left wall tends to expand vertically,
while the secondary cell close to the right cold wall tends to van-
ish. It may also be observed that the isotherms pattern appears
with a high density and a strong temperature gradient within the
porous cavity, especially within the isotherms of the fluid phase,
as depicted in Figs. 7(c) and 7(d).

Figure 8 illustrates the effects of various solid wall thicknesses
(S) on the streamlines (left), isotherms of the global fluid phase

Fig. 3 Streamlines, isotherms for fluid phase, and isotherms for solid phase: Baytaş and Pop
[15] (a) and present study (b) for Ra 5 103, c 5 10, H 5 1, and S 5 0
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(middle), and the isotherms of the global porous phase (right)
when the bottom wall is heated nonuniformly (h¼ sin(2pX)) for
Ra¼ 103, c¼ 10, H¼ 1, and Kr¼ 1. Figure 8(a) presents the flow
behavior and the temperature distribution within the porous cavity
in the absence of the solid wall (S¼ 0). Due to nonuniform heat-
ing of the bottom horizontal wall and uniform cooling of the verti-
cal walls, the flow within the porous cavity produces a streamlines
cell in the clockwise direction located within the middle of the
porous cavity and a primary streamlines cell in the anticlockwise
direction next the left vertical boundary. It can be noted that the
isotherms pattern of the fluid and the porous phases occurs with
high density near the bottom boundary of the porous cavity. How-
ever, a higher density of the isotherms pattern appears within the
fluid phase compared to the density of the isotherms pattern
within the porous phase. Inserting a thin solid wall (S¼ 0.1)
clearly affects the flow behavior, producing a third streamlines
cell in the anticlockwise direction at the bottom right corner of the
porous cavity. We may also observe that the strength of the flow
circulation decreases with the insertion of the solid wall due to the
resistance of the solid wall which decreases the buoyancy effect
(see Wmin and Wmax values). The isotherms pattern of the fluid
phase shows lesser density, while we observe no change in the
isotherms pattern of the porous phase. This is due to the thermal
property of the solid insert which decreases the temperature gradi-
ent resulting in less heating effect. Increasing the thickness of the
solid wall to 0.5 clearly affects the distribution of flow behavior
and the temperature profiles. Two streamlines cells in the

anticlockwise direction occur next to the cold vertical walls of the
porous cavity, while the main cell in the clockwise direction
shrinks horizontally within the middle of the porous cavity. The
density and the amount of the isotherms pattern of the global fluid
phase are clearly decreased and become similar to that of the
global porous phase. This is due to the fact that the solid wall
offers high resistance, which leads to a weak temperature gradient,
and as a result, the isotherms pattern of the global fluid phase
becomes similar to the isotherms of the global porous phase which
leads to the thermal equilibrium case, as shown in Fig. 8(d).

Figure 9(a) presents the effect of various values of the modified
conductivity ratio on the weighted-average Nusselt number with
the Rayleigh number for H¼ 10, Kr¼ 1, and S¼ 0.2. The convec-
tion heat transfer is increased with the increase of the Rayleigh
number in which at high Rayleigh number values (Ra> 105), a
significant enhancement of the convection heat transfer can be
noted. This is due to the strong buoyancy effects compared to the
viscous forces. Moreover, a higher modified conductivity ratio
(c¼ 1000) leads to a higher enhancement of the heat transfer rate,
which has the maximum weighted-average Nusselt number. The
effect of various values of the solid wall thickness on the
weighted-average Nusselt number with the Rayleigh number is
depicted in Fig. 9(b) for c¼ 10, H¼ 10, Kr¼ 1, and S¼ 0.2. As
with the previous case, the best enhancement of the overall heat
transfer occurs with increasing the Rayleigh number, which tends
to increase the average Nusselt number. It can be observed that
the convection heat transfer is strongly enhanced in the absence of

Fig. 4 Streamlines (a)—Varol et al. [26] (left) and present study (right) and isotherms
(b)—Varol et al. [26] (left) and present study (right) for Ra 5 102 and S 5 0
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Fig. 5 Variation of the streamlines (left), isotherms of the global fluid phase (middle), and isotherms of the
global porous phase (right) with modified conductivity ratio (c) and Rayleigh number (Ra) when the bottom wall
heated uniformly (h 5 1) for H 5 1, Kr 5 1, and S 5 0.2: (a) Ra 5 102 and (b) Ra 5 103
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the solid wall (S¼ 0), this is due to the fact that fluids transfer
more heat than solids. In addition, it can be seen that the heat
transfer rate shows no change with an increase in the thickness of
the solid wall due to the resistance of the solid wall in which there
is no heating effects. It may also be observed that the convection
heat transfer increases with an increase in the thermal conductiv-
ity ratio. Due to the high thermal conductivity ratio which tends to
decrease the resistance of the solid wall, the heat transfer rate
increases (Fig. 9(c)).

Figure 10(a) shows the effect of various values of the Rayleigh
number on the weighted-average Nusselt number with the solid

wall thickness for c¼ 10, H¼ 10, and Kr¼ 1. We clearly observe
that by increasing the thickness of the solid wall, the overall heat
transfer is decreases affected by the resistance of the solid wall
which obviously leads to the reduction of the heat transfer rate. It
may also be observed that the heat transfer rate is highly enhanced
with higher Rayleigh numbers (Ra¼ 103). This due to the strong
buoyancy effects which lead to a high temperature gradient, and
as a result, the convection heat transfer increases. However, there
is no change in the heat transfer rate for all Rayleigh numbers
with the high solid wall thicknesses (S� 0.5), which indicates that
with a high solid wall thickness there is no effect of changing the

Fig. 6 Variation of the streamlines (left), isotherms of the global fluid phase (middle), and iso-
therms of the global porous phase (right) with modified conductivity ratio (c) and Rayleigh
number (Ra) when the bottom wall heated nonuniformly (h 5 sin(2pX)) for H 5 1, Kr 5 1, and
S 5 0.2: (a) Ra 5 102 and (b) Ra 5 103
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flow buoyancy. We also note that the best enhancement in the
convection heat transfer is obtained with lower S values (S< 0.4)
due to the fact that fluids transfer heat more than solids.
Furthermore, a higher modified conductivity ratio (c¼ 1000) leads
to a strong enchantment of the convection heat transfer, which
has a maximum weighted-average Nusselt number (Fig. 10(b)).

Figure 10(c) illustrates the effects of various values of the thermal
conductivity ratio on the weighted-average Nusselt number with
the solid wall thickness for c¼ 10 and H¼ 10. In this figure, we
may note different behaviors on the heat transfer rate for which
increasing the thickness of the solid wall tends to increase the
overall heat transfer for all thermal conductivity ratios. This is due

Fig. 7 Variation of the streamlines (left), isotherms of the global fluid phase (middle), and iso-
therms of the global porous phase (right) with thermal conductivity ratio (Kr) when the bottom
wall heated nonuniformly (h 5 sin(2pX)) for Ra 5 103, c 5 1 H 5 1, and S 5 0.2: (a) Kr 5 0.44, (b)
Kr 5 2.40, (c) Kr 5 9.90, and (d) Kr 5 23.8
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to the fact that increasing the thermal conductivity ratio tends to
lower the resistance of the solid wall which allows the cavity to
transfer more heat, particularly with the high thermal conductivity
ratio (Kr¼ 23.8). Furthermore, for a fixed high value of Kr the
heat transfer is drastically increased for the case of relatively
small wall thickness. This could be due to the fact that a small

thickness wall with a high conductivity shows there is almost no
resistance to the heat to transfer to the porous region.

Figure 11(a) demonstrates the effect of various values of the
interphase heat transfer coefficient (H) on the weighted-average
Nusselt number with the modified conductivity ratio for Ra¼ 103,
Kr¼ 1, and S¼ 0.2. The heat transfer rate increases as the

Fig. 8 Variation of the streamlines (left), isotherms of the global fluid phase (middle), and iso-
therms of the global porous phase (right) with the solid wall thickness (S) when the bottom
wall heated nonuniformly (h 5 sin(2pX)) for Ra 5 103, c 5 10, H 5 1, and Kr 5 1: (a) S 5 0, (b)
S 5 0.1, (c) S 5 0.3, and (d) S 5 0.5
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modified thermal conductivity ratio increases due to the enhancing
of the thermal conductivity which clearly increases the values of
the weighted-average Nusselt number. We also observe that a sig-
nificant enhancement of the overall heat transfer is obtained with
the higher interphase heat transfer coefficients affected by the
higher convective heat transfer. It may also be noted from this

figure that the heat transfer rate is noticeably increased in the
absence of the solid wall, particularly with the high modified con-
ductivity ratio (c> 100), as shown in Fig. 11(b). The effect of var-
ious values of the thermal conductivity ratio on the weighted-
average Nusselt number with the modified conductivity ratio is
depicted in Fig. 11(c) for Ra¼ 103, H¼ 1, and S¼ 0.2. As in the

Fig. 9 Variation of the weighted-average Nusselt number with Ra for different (a) c, (b) S, and
(c) Kr when the bottom wall heated nonuniformly (h 5 sin(2pX)) for c 5 1, H 5 1, Kr 5 1, S 5 0.2,
and u 5 0:4

Fig. 10 Variation of the weighted-average Nusselt number with S for different (a) Ra, (b) c, and
(c) Kr when the bottom wall heated nonuniformly (h 5 sin(2pX)) for Ra 5 103, c 5 1, H 5 1, Kr 5 1,
and u 5 0:4
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previous figure, the overall heat transfer enhances with an increase
of the modified thermal conductivity ratio. Furthermore, the con-
vection heat transfer enhances with the increase in the thermal
conductivity ratio due to the low resistance of the solid wall which
leads to a stronger temperature gradient, and as a result, the maxi-
mum weighted-average Nusselt number is obtained.

5 Conclusions

Some important conclusions from the study are given as
follows:

(1) Increasing the solid wall thickness up to a higher value
clearly enhances the flow behavior and the temperature dis-
tribution. Due to the fact that the solid wall offers a high
resistance which leads to a weak temperature gradient, the
isotherms pattern of the global fluid phase becomes similar
to the isotherms of the global porous phase which lead to
the thermal equilibrium case.

(2) We clearly observe a high resistance due to the conductive
heat transfer in the solid wall with the thermal nonequili-
brium case (low modified conductivity ratio) compared to
that of the thermal equilibrium case. In other words, a
thicker wall or a low thermal conductivity wall tends to
inhibit heat transport in the porous medium.

(3) It is clearly observed that increasing the thickness of the
solid wall tends to decrease the overall heat transfer
affected by the resistance of the solid wall, particularly
with high Rayleigh numbers.
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Nomenclature

Cp ¼ specific heat capacity
g ¼ gravitational acceleration

h ¼ convective heat transfer coefficient
H ¼ interphase heat transfer coefficient
k ¼ thermal conductivity
K ¼ permeability of the porous medium

Kr ¼ square wall to base fluid thermal conductivity
ratio Kr¼ kw/kf

L ¼ length of the cavity
N ¼ periodicity parameter

Nu ¼ Nusselt number
Ra ¼ Rayleigh number

S ¼ dimensionless solid wall thickness (W/L)
T ¼ temperature

u, v ¼ velocity components in the x- and y-directions,
respectively

U, V ¼ dimensionless velocity components in the X- and
Y-directions, respectively

x, y and X, Y ¼ space coordinates and dimensionless space coordi-
nates, respectively

Greek Symbols

a ¼ thermal diffusivity
b ¼ thermal expansion coefficient
c ¼ modified conductivity ratio
h ¼ dimensionless temperature
l ¼ dynamic viscosity
� ¼ kinematic viscosity
q ¼ density
u ¼ porosity of the medium

w and W ¼ stream function and dimensionless stream
function

Subscripts

c ¼ cold
f ¼ fluid phase
h ¼ hot
p ¼ solid of the porous medium
w ¼ solid wall

Fig. 11 Variation of the weighted-average Nusselt number with c for different (a) H, (b) S, and
(c) Kr when the bottom wall heated nonuniformly (h 5 sin(2pX)) for Ra 5 103, H 5 1, S 5 0.2,
Kr 5 1, and u 5 0:4
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