International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 19 (2018) pp. 14048-14059
© Research India Publications. http://www.ripublication.com

Heat Transfer in a Porous Cavity Divided by a Solid Wall
Abdulwahab A. Alnaqi1*, Abdullah A.A.A. Al-Rashed1
1

Department of Automotive and Marine Engineering Technology, College of Technological Studies,
The Public Authority for Applied Education and Training, Kuwait.
*Corresponding Author: aa.alnaqi@paaet.edu.kw

Abstract
Heat transfer is investigated in a porous medium divided into
two sections by a solid block at the center of the cavity. The
solid block is placed vertically at the center of the cavity whose
width is varied along with the thermal conductivity ratio of
porous medium and solid. The boundary conditions are
maintained in such a way that the left-hand surface of the cavity
is at hot isothermal temperature Th and the right-hand surface
at cold isothermal temperature Tc. The flow of fluid is governed
by Darcy’s law. The governing equations are solved using the
finite element method.
Keywords: Porous Cavity, Conjugate heat Transfer, FEM

INTRODUCTION
Heat transfer in a porous medium is an important area of
research due to its wide range of applicability in scientific and
engineering fields. The literature pertaining to various issues
related to heat transfer in a porous medium is well compiled in
books such as; Ingham and Pop [1], Pop and Ingham [2], Nield
and Bejan [3], Vafai [4], and, Bejan and Kraus [5]. Heat
transfer in a porous medium is generally studied with respect to
the medium being subjected to hot and cold temperatures that
act as the driving force that initiates natural convention. Natural
convection in a porous medium with various fixed geometries
has been dealt with in detail over the last few decades and has
generally included a vertical plate [6-10], cylindrical geometry
[11-17], and a porous medium fixed in a square cavity [18-22].
The natural convection is affected when the porous medium
contains solid blocks that cause the fluid to change direction.
Such problems involve conjugate heat transfer in a porous
medium [23-29] the characteristics of which vary substantially
from those of pure natural convection. Conjugate heat transfer
requires an additional energy equation for a solid block in
addition to regular energy equation that predicts the heat
transfer in the porous region. It is found that the presence of a
solid block inside the porous medium makes the fluid follow an
alternate path thus affecting the flow behaviour that in turn
affects the heat transfer rate at the hot surface [23]. The
conjugate heat transfer has been studied by keeping the solid
wall at various positions inside the porous medium, such as:
solid wall attached to the bottom and top of the porous medium
[30], solid wall attached to the left-hand side of the cavity[31],
a square cavity with a solid wall fixed on the left-hand side of
the cavity [32], a finite horizontal flat plate in the porous
medium [33], a vertical slender hollow cylinder [34-35], a
porous medium fixed between solids in an annulus [13], etc. In
almost all the studies it was found that the solid block affects
the heat transfer rate. In one such study, Hihuera and Pop [36]

highlighted the heat transfer behaviour in a semi-infinite porous
medium separated by a thin plate. The current study is
undertaken to investigate the effect of the size of a solid block
inside the porous cavity that separates the porous region into
two sections.

ANALYSIS
The current study is based on a porous medium fixed in a square
cavity with a centrally placed solid wall that separates the
porous region into two sections as depicted in fig 1. The x and
y axis are taken along the horizontal and vertical directions.
Darcy’s law is invoked to simulate the fluid flow inside the
porous region. The left-hand vertical surface of the cavity is
maintained at isothermal temperature T h and the right-hand
surface is at isothermal temperature T c such that Th>Tc.

Figure 1. Square porous medium separated by a solid wall

It is assumed that the properties of solid, fluid and porous
medium are homogeneous, that thermal equilibrium exists
between of the fluid and solid phases of the porous region,
and there is no phase change. With these assumptions, the
continuity equation can be written as
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The fluid velocity in x and y directions can be described by
Darcy’s law as:

y  0 and

at

T
0
y

Velocity in horizontal direction

u

 K p
 x

(2a)

x  x sp

at


 K  p
  g 
  y


(10c)

The required condition at the solid porous interphase is:
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The variation of density with respect to temperature can be
described by Boussinesq approximation as:
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Thus, the momentum equation can be written as:
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Substitution of the above parameters in (4-6) leads to
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The continuity equation (1) can be satisfied automatically by
introducing the stream function ψ as:
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The term T 4 in (7) can be expanded about Tc using a Taylor
series and neglecting the yields of higher order terms [1,3740].
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The last term on the right-hand side of equation (5) describes
the radiation that can be approximated by the Rosseland
hypothesis as:
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The boundary conditions are:
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The corresponding boundary conditions are

RESULTS AND DISCUSSION
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The Nusselt number can be computed as:
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The above mentioned equations 11-14 are converted into a set
of algebraic equations using finite element method with the
help of triangular 3-noded elements. The resulting algebraic
equations are assembled into a global matrix and solved for
solution variables T and  by taking a tolerance limit of 10-5
and 10-7 respectively. The results are compared with the
classical case of heat transfer in a porous cavity by reducing the
thickness of the solid to zero. The comparison is shown in table
1. It is very clear from table 1 that the current method is good
enough to predict the heat transfer behaviour.
Table 1: Comparison of present method
Author

Ra  10

Ra  100

Present

1.0821

3.2126

Walker and Homsy [41]

3.097

Bejan [42]

4.2

Gross et al. [43]

3.141

Monolo and Lage [44]

3.118

Beckerman et al. [45]

3.113

Moya et al. [46]

1.065

2.801

Baytas and Pop [47]

1.079

3.16

Misirlioglu et al. [48]

1.119

3.05

Badruddin et al. [49]

1.079

3.200

Badruddin et al. [50]

1.0798

3.2005

The results are discussed in terms of isothermal lines that
represent the temperature distribution in the whole domain and
streamlines reflecting the fluid velocity in the porous region.
The results are obtained for various geometrical as well as
physical parameters such as width (W) of the solid in the porous
medium, the thermal conductivity ratio between the solid wall
and porous medium (Kr), and the radiation parameter and
Rayleigh number. Figure 2 shows the isotherms and
streamlines when the width of the solid is varied in 3 steps i.e.
13.72%, 25.72% and 36.24% of the whole width of the cavity.
It is worth mentioning that the fractions in the solid width are
due to placement of nodes at that particular position in the
domain. This figure corresponds to Ra=100, Kr= 2 and Rd=1.
It can be inferred from the isotherms of figure 1 that the
conduction effect increases as the solid width increases since
the isotherms have become straighter at greater width. This is
true for both sections of the porous region adjacent to the solid
wall. By looking closely at isotherm T = 0.2, which has moved
towards the cold surface, it can be conveniently said that the
increased width increases the thermal energy in the domain.
The isotherms are divided into two separate regions due to the
presence of the solid wall. The circulation patterns of the two
porous zones are found to be opposite to one another. The
maximum value of  reduced due to the increase in the width
of the solid. This might be because the fluid momentum is
hindered and there is insufficient space for it to attain a high
value. This is further corroborated by the fact that the isotherms
straighten at increased width indicating the dominance of
conduction as opposed to convection. Figure 3 shows the effect
of thermal conductivity ratio Kr when Ra=100, Rd=1 and
W=13.72%. The value of Kr<1 indicates that the porous
medium has higher conductivity compared to that of the solid
and vice versa for Kr>1. It can be seen that the isotherms are
spread out towards the cold surface of the cavity due to an
increase in the thermal conductivity ratio. This is a result of
reduced thermal resistance that allows the thermal energy to be
transferred more easily into deeper sections of the porous
medium. The increased thermal energy of the domain due to
the higher thermal conductivity ratio helps the fluid to move at
a faster rate thus increasing the maximum value of  . This is
consistent with the other studies being reported in the area of
conjugate heat transfer [24]. Figure 4 shows the effect of the
increased radiation parameter. This figure is obtained at
Ra=100, W=13.72% and Kr=5. The increase in the radiation
parameter increases the radiation effect which in turn enhances
the energy content of the domain. This leads to the whole
domain having higher temperature lines compared to the case
when no radiation is present (Rd=0). The increased thermal
energy helps in increase the fluid velocity. Figure 5 shows the
effect of the Rayleigh number at Rd=1, Kr=5, W=13.72%. The
fluid velocity increases with an increase in the Rayleigh
number as expected that increases the convection effect in the
domain.
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Figure 2. Influence of solid width I) Isotherms II) Streamlines
a) W=13.72% b) W=25.72% c) W=36.24%
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Figure 3. Influence of thermal conductivity ratio I) Isotherms II) Streamlines
a) Kr=0.1 b) Kr=1 c) Kr=10
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Figure 4. Influence of Radiation parameter I) Isotherms II) Streamlines
a) Rd=0 b) Rd=0.5 c) Rd=2

.
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Figure 5. Influence of Rayleigh number I) Isotherms II) Streamlines
a) Ra=10 b) Ra=50 c) Ra=100

The heat transfer behaviour is further analyzed in terms of the
Nusselt number at the hot surface of the cavity. Figure 6 shows
the Nusselt number variation along the height of the cavity for
different values of width of solid at Ra=100, Rd=1, Kr=2. It is
obvious from figure 6 that the local Nusselt number decreases
along the height of the cavity for all the widths of solid being
studied. It is found that the Nusselt number at the lower portion
of the cavity is higher for smaller widths and lower for larger
widths of solid. However, this trend reverses at the upper
section of the cavity. This happens because the fluid is heated
up in the lower portion of the cavity creating a higher
temperature gradient resulting in a high Nusselt number.

However, as the fluid moves upward, its temperature rises,
reducing the temperature gradient at the upper section of the
cavity that in turn reduces the Nusselt number. It is interesting
to note that the Nusselt number for all cases is almost the same
at a cavity height of 0.32.
Figure 7 shows the effect of the thermal conductivity ratio on
the local Nusselt number at Ra=100, Rd=1 and W=13.72%.
The local Nusselt number increases with increasing thermal
conductivity ratio. The increased Kr reduces the thermal
resistance across the solid block thus facilitating the easy flow
of thermal energy which is reflected in terms of increased
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Nusselt number. Figure 8 shows the effect of the radiation
parameter at Ra=100, Kr=5 and W=13.72%. As expected the
Nusselt number is higher for higher radiation parameter values
due to the combined effect of convection and radiation.
Similarly, the local Nusselt number increases with increasing

Rayleigh number as depicted in figure 9 which was obtained at
Kr=5, Rd=1 and W=13.72%. It is interesting to note that the
line corresponding to Ra=10 is almost horizontal, indicating
that the convective effect is negligible which is further
investigated by the isotherms in figure 3a.

7

6

W=13.7 %

Nu

5

4

3

W=36.2 %

2
W=25.7 %
1

0.1

0

0.2

0.3

0.4

0.5
__
y

0.6

0.7

0.8

0.9

1

Figure 6. Local Nusselt number variation with respect to width of solid
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CONCLUSION

[11].

The current work highlights the effect of a solid wall that
divides the porous medium into two distinct sections. The finite
element method is used to analyze the problem under
consideration. The following conclusions can be drawn from
this study:
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The presence of a solid in the porous medium results
in two distinct and opposite flow patterns in the
porous region.



The conduction effect dominates when the width of
the solid increases.



The increased thermal conductivity ratio increases
the thermal energy level of the whole domain.

The Nusselt number decreases along the height of the
cavity and higher thermal conductivity ratios result in higher
Nusselt numbers.
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