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a b s t r a c t

The case of combined conductioneconvectioneradiation heat transfer usually occurred in solar thermal
usages is the aim of the present study. This type of combined heat transfer in heat exchangers filled with
a fluid saturated cellular porous medium is investigated. The flow is modeled by the DarcyeBrinkman
equation. The steady state model of this combined heat transfer is solved semi-analytically based on the
homotopy perturbation method (HPM) and numerically based on the finite difference method. No
analytical solution has been previously proposed for the problem. Effects of porous medium shape
parameter (s) and radiation parameters (Tr and l) on the thermal performance are analyzed. Further-
more, a discussion on the accuracy and limitations of the HPM in this kind of problems is represented.
This study shows that semi-analytical methods (like HPM, VIM, DTM, and HAM) can be used in simu-
lation and prediction of thermal performance of solar energy harvesting systems.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The concept of porous media plays a vital role in many engi-
neering problems such as petroleum engineering (oil and gas flow
in reservoirs), material science, filtration, acoustics, geomechanics,
soil mechanics, rock mechanics, drying, and storage of absorbed
solar energy. Today, porous media are used in solar collectors to
increase the overall efficiency, in the solar room of green houses to
heat the inside air, and as packed beds to store the solar heat for
nights. Despite all advances and experimental, theoretical, and
computational efforts in this area, scientists are still far from quite
understanding all phenomena taking place in the porous medium
because of some restrictions such as nonlinear nature of governing
equations. Many studies have been conducted by researchers on
investigation of forced convection in a channel filled with a satu-
rated porous medium. Vafai and Kim [1] considered a fully

developed forced convection in a porous channel bounded by
parallel plates and obtained exact solution for both velocity and
temperature fields. In their study, the properties of the porous
medium and fluid were assumed to be isotropic and homogenous.
Nakayama and Shenoy [2] investigated non-Darcy forced convec-
tive heat transfer in a channel confined by two parallel walls sub-
jected to uniform heat flux in a highly porous medium saturated
with a non-Newtonian power-law fluid. They carried out a nu-
merical integration utilizing the BrinkmaneForchheimer extension
of the Darcy model to study the effects of pseudoplasticity, Brink-
man, and Forchheimer terms on the heat transfer characteristics.
Nield and Kuznetsov [3] presented an analytical method in order to
study forced convection in a plane channel occupied by a saturated
bi-disperse porous medium, coupled with conduction in plane
slabs bounding the channel. They considered effects of thermal
parameter such as P�eclet and Nusselt numbers. They also resulted
that the effect of the finite thermal resistance due to the slabs is to
reduce both the heat transfer to the porous medium and the degree
of local thermal non-equilibrium. Alazmi and Vafai [4] conducted a
numerical study on forced convection in a composite channel be-
tween parallel plates with different boundary conditions at the
interface. They found effects of different boundary conditions on
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the Nusselt, Reynolds, and Darcy numbers. Effects of viscous
dissipation and boundary conditions on forced convection in a
channel occupied by a saturated porous medium were studied by
Hooman and Gurgenci [5]. Ozgen et al. [6] experimentally investi-
gated a device for inserting an absorbing plate made of aluminum
cans into the double-pass channel in a flat-plate solar air heater
(SAH). They showed that their method substantially improved the
collector efficiency by increasing the fluid velocity and enhancing
the heat-transfer coefficient between the absorber plate and air.
Also, Esen et al. [7,8] analyzed the thermal behavior of solar air
heater (SAH) using least-squares support vector machine (LS-SVM),
artificial neural network (ANN) and wavelet neural network (WNN)
methods [9,10]. Boutin and Gosselin [11] numerically studied a
vertical open-ended channel filled with a porous medium, with an
imposed heat flux and a heat loss coefficient on one of its walls.
They developed correlations for optimal pressure drop to be
imposed by the fan and maximal energy recovery, as a function of
the Rayleigh number, the channel aspect ratio, and the heat loss
coefficient to be used in solar wall and solar chimney applied for
ventilation and preheating of makeup air in buildings.

Nield and Kuznetsov [12] investigated a combined con-
ductiveeconvectiveeradiative process in a channel occupied by a
saturated cellular porous medium. Nield and Kuznetsov [12] showed
that the Nusselt number increases at the case of variable conductivity
arising from the radiative heat transfer. Dehghan et al. [13] investi-
gated the flow and heat transfer in a fluid saturated porous medium
boundedby iso-thermal parallel plates based on the perturbationand
successive approximationmethodsanalytically. Theyproposed anew
dimensionless group representing the intensity of the local thermal
non-equilibrium (LTNE) condition. Dehghan et al. [14] recently
analyzed the performance of a tubeheat exchangerfilledwith porous

media based on numerical and analytical approaches at both iso-
thermal and iso-flux thermal boundary conditions. They presented
analytical expressions for the normalized velocity and the dimen-
sionless temperature of the medium. Mahmoudi [15] numerically
investigated the effects of thermal radiation from the solid phase on
the temperature differential and the rate of heat transfer in a pipe
partially filledwith a porousmaterial using discrete ordinatemethod
(DOM) to compute the radiative heat flux. Zamzamian et al. [16]
performed an experimental study to investigate the effect of Cu
nanoparticle on the efficiency of a flat-plate solar collector. They
found that by increasing the nanoparticle weight fraction, the effi-
ciency of the collector was improved.

Despite the fact that many of thermal and fluid phenomena are
expressed by nonlinear equations, only a few methods are able to
solve them. In recent years, semi-analytical techniques are widely
used for solving nonlinear equations because of their simple algo-
rithms and capabilities in the solution. Ganji and Sadighi [17] used
two semi-analytical techniques (variational iteration method and
homotopy-perturbation method) in order to solve nonlinear heat
transfer equations in porous media. They presented some com-
parisons between these methods and investigated the abilities and
disabilities of these techniques for solving heat transfer nonlinear
equations. Homotopy perturbation method (HPM) is one of the
most well-known semi-analytical methods for solving nonlinear
equations arising in engineering, especially in porous medium
analyses. The HPM is introduced by Ji-Huan He of Shanghai Uni-
versity in 1998 [18]. The semi-analytical methods, especially the
homotopy perturbation method, are applied in porous medium
problems by many researchers [19e21].

In the present study, flow and heat transfer in a fluid saturated
cellular porous medium bounded by two infinite parallel-plates at

Nomenclature

A a differential operator
B a boundary operator
cp specific heat at constant pressure (J kg�1 K�1)
Da Darcy number, K/H2

ddy grid-size expansion factor
f a known function
G negative of the applied pressure gradient in flow

direction (Pa m�1)
H half of the channel gap (m)
L linear part
K permeability of the medium (m2)
k effective thermal conductivity of the medium

(W m�1 K�1)
kc molecular thermal conductivity (W m�1 K�1)
kf thermal conductivity of fluid phase (W m�1 K�1)
kr radiative thermal conductivity (W m�1 K�1)
ks thermal conductivity of solid phase (W m�1 K�1)
M viscosity ratio
N non-linear part
n number of iterations
Nu Nusselt number
p HPM parameter
q

00
w heat flux at the wall (W m�2)

r variable of the domain U

s porous media shape parameter
T temperature (K)
Tm bulk mean temperature (K)
Tr temperature variation parameter (Eq. (20))

Tw wall temperature (K)
u dimensionless velocity; an arbitrary function in HPM

introduction
u* velocity (m s�1)
u
_

normalized velocity
u*m mean velocity (m s�1)
v solution of Eq. (27)
x*, y* dimensional coordinates (m)
y dimensionless coordinate

Greek letters
bR Rosseland mean extinction coefficient (m�1)
G boundary of the domain
q dimensionless temperature
l radiation parameter (Eq. (20))
m fluid viscosity (kg m�1 s�1)
meff effective viscosity in the Brinkman term (kg m�1 s�1)
n an arbitrary dependent parameter used in Eq. (38)
s StefaneBoltzmann coefficient (W m�2 K�4)
r fluid density (kg m�3)
f porosity of the medium
U domain of problem

Subscripts
i index
f fluid phase
m mean
s solid phase
w wall
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