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Abstract

A comprehensive numerical study is performed on the fluid flow and heat transfer within a porous solar heater. The effects of porous
material on the heat transfer enhancement and pressure drop are presented in details. Also, the attention is focused on the effects of sev-
eral parameters on the combined convection–radiation heat transfer and flow structures. Volume averaged equations are applied to sim-
ulate the transport phenomena within the porous substrate. Furthermore, the regular continuity, momentum, and energy equations are
used in the clear fluid region. These equations are discretized using the control volume technique. It is found that the Nusselt number
increases by inserting the porous substrate to the heater. These augmentations are up to 3, 4.4 and 5.9 times for d = 1/3, 2/3 and 1,
respectively at Da ¼ 10�2. Also, the pressure drop increases with an increase in the porous layer thickness and decrease in the Darcy
number.
� 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Heaters are a part of everyday modern life with a wide
range of industrial and engineering applications. Examples
include the oil and gas industries, chemical processing,
hydrocarbon processing, polymers, pharmaceuticals, and
food and beverage (Bhutta et al., 2012). The efficiency of
heaters is an important topic in these devices and provides
a new way to design and analyze them. The ideal heater
transfers the maximum amount of heat with lowest pres-
sure drop. A new type of these devices is solar heater with
many advantages such as endless amounts of energy, no
CO2 emissions during operation, cost savings and many
other benefits. Recently, porous materials have been used
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in systems where the convection and radiation modes of
heat transfer are both critical (Fuqiang et al., 2014; Lee
et al., 2015; Hirasawa et al., 2013; Wang et al., 2013). These
materials produce a pressure drop beside the heat transfer
enhancement. A literature review on the related works to
this topic is necessary in this stage.

Many studies have been conducted on the effects of por-
ous material on the pressure drop or heat transfer (Xu
et al., 2014; Chumpia and Hooman, 2015; Banerjee et al.,
2015; Tsinoglou et al., 2004a,b; Martinopoulos et al.,
2010; Missirlis et al., 2010; Missirlis et al., 2014). For exam-
ple, forced convection in the developing region of a pipe
partially filled with a porous layer has been investigated
by Alkam and Al-Nimr (1998a). An external heating is
used on the cylinder wall in their research. They found that
the external heating has more effective penetration in the
porous layer than that in the clear fluid region. In another
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Nomenclature

CF Forchheimer coefficient (–)
cp specific heat at constant pressure (J/kg K)
D height of the channel ðmÞD ¼ 2R2

Da Darcy number (–) Da ¼ K=D2

f friction factor (–)
h heat transfer coefficient (W/m2 K)
k thermal conductivity (W/m K)
K permeability of the porous medium (m2)
kc molecular thermal conductivity (W/m K)
kr radiative thermal conductivity (W/m K)
L length of the heater (m)
Nu Nusselt number (–) Nu ¼ q00ðDÞ

keff ðT w�TmÞ
Nu surface-averaged Nusselt number (–)

Nu
� �

time-averaged Nusselt number (–)
p pressure (Pa)
Dp pressure drop (Pa)
Pr Prandtl number (–) Pr ¼ m=a
Rc thermal conductivity ratio (–) Rc ¼ keff=kf
Re Reynolds number (–) Re ¼ qU1D=l
R1 thickness of the porous substrate (m)
R2 half of the channel gap (m)
t time (s)
tp period of time integration (s)
T temperature (K)
u, v velocity component in x and y directions,

respectively (m/s)
x, y rectangular coordinates components (m)

Greek symbols

a thermal diffusivity of the fluid (m2/s) a ¼ k=qcp
b stress jump parameter (–)
b1 stress jump parameter related to inertia (–)
bR Rosseland mean extinction coefficient (1/m)
d dimensionless porous substrate thickness (–)

d ¼ R1=R2

e porosity (–)
l dynamic viscosity (kg/m s)

m kinematic viscosity (m2/s)
r Stefan-Boltzmann coefficient (W/m2 K4)
q density of the fluid (kg/m3)
k radiation parameter (–)
f heat transfer enhancement (–)

Subscripts/superscripts

e empty
eff effective
f fluid
m mean
p porous
s solid
w wall
1 free stream

* dimensional variables
1 clear fluid domain
2 porous domain
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research, Al-Nimr and Alkam (1998b) investigated the
fluid flow in the parallel-plate channels partially filled with
the porous materials. They used Green’s function method
to obtain the analytical solution for modeling the fluid flow
in the parallel-plate channels. Developing a 3-D computa-
tional model for the fluid flow and convective heat transfer
in a channel partially filled with porous medium has been
done by Jen and Yan (2005). It was found that there are
two large vortices in the fluid region near the interface of
the porous substrate with a pair of smaller vortices in por-
ous substrate. This is due to the flow instability created by
the blowing effect of the porous substrate. Convective heat
transfer in a channel partially filled with a porous medium
has been studied by Aguilar-Madera et al. (2011). They
reported that the temperature profile is similar to the one
found in a solid rod with the same dimensions as the chan-
nel for low values of the porosity. Aghajani Delavar and
Mohammadvali (2013) simulated the convective heat trans-
fer between two parallel plates with porous part using the
Lattice Boltzmann Method. Their results showed that the
temperature inside the porous block decreases with
increase in Reynolds number. Recently, the local thermal
non-equilibrium condition of porous media imbedded in
the tube heaters has been studied by Dehghan et al.
(2014). They found that the influence of Darcy number
on the velocity field is more than its influence on the tem-
perature field. Mahdavi et al. (2014) presented the entropy
generation and convective heat transfer inside a pipe par-
tially filled with a porous material. The porous layer was
placed at the core of the pipe or it was attached to the inner
wall. They found that the placement of porous medium at
the tube wall leads to higher values of Nusselt number for
high values of conductivity ratio and Darcy number.
Torabi et al. (2015) performed the heat transfer and
entropy generation analyses for a channel partially filled
with porous media under the local thermal non-
equilibrium conditions. They observed that the values of
local and total entropy generation rates increase with
decrease in Darcy number.

Throughout the past couple of years, some researchers
have investigates the convection heat transfer from a body
embedded in a porous medium. For example, the forced
convection heat transfer from a single circular obstacle
embedded in a porous region has been studied by Al-
Sumaily et al. (2012). Their results indicated that the
porous particles suppress significantly the unsteady hydro-
dynamic and thermal behaviors inside the channel. Rashidi
et al. (2013) performed a study on the fluid flow and forced
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convection heat transfer around a solid cylinder wrapped
with a porous substrate. They used porous substrate for
thermal insulation or heat transfer augmentation. Their
results revealed that the critical radius of insulation
decreases with an increase in Darcy number. In another
research, Valipour et al. (2014a) repeated this problem in
the presence of a radial magnetic field. They reported that
the effects of a magnetic field on the average Nusselt num-
ber are negligible for small Darcy numbers.

Some researchers studied the heat transfer in solar hea-
ters or solar collectors. For example, solar collectors with
tubes partially filled with porous layer have been appraised
by Alkam and Al-Nimr (1999). They decreased the thermal
resistance between the working fluid and the absorber
panel with increase in the convective heat transfer coeffi-
cient within the tubes of the collector. In another study,
Chen and Sutton (2005) enhanced the heat transfer in the
entrance region of circular ducts by using porous ceramic.
Their results showed that the insert of the porous material
in optical thick working gas has relatively little effect on the
enhancement of heat transfer. Convection–radiation heat
transfer in a solar heater filled with a porous medium has
been simulated by Dehghan et al. (2015). They found that
the Nusselt number increases with the porous medium
shape parameter. Note the porous media was used on all
gaps between the two plates. Their study was focused on
the thermal behavior. Recently, Rashidi et al. (2015a) per-
formed a sensitivity analysis on the porous solar heaters.
They observed that the sensitivity of the pressure drop ratio
and Nusselt number to the Darcy number increases with an
increase in the porous substrate thickness. Bahrehmand
et al. (2015) performed both energy and exergy analyses
for different solar air collector systems with forced convec-
tion. Li et al. (2015) examined the flow and heat transfer
performances on the solar water heater with elliptical col-
lector tube. Their study indicated that the value of Nuseelt
number increases with an increase in initial temperature.
Kumar and Kim (2015) reviewed the various techniques
to enhance the convective heat transfer in the solar air
channels. They found that the baffle shapes with roughness
have the best thermal performance. Acir and Ata (2015)
remarkably improved the heat transfer rate in a new solar
air heater by using circular type turbulators. Their results
Fig. 1. Computational do
revealed that the maximum heat transfer enhancement
was in the vicinity of 416% for a specific turbulators
arrangement. Valipour et al. (2014a) investigated Magneto-
hydrodynamics flow and heat transfer around a solid circu-
lar cylinder wrapped with a porous substrate. They used
the least square method (Brilakis et al., 2011; Rashidi
et al., 2011, 2014c) to suggest empirical equations for aver-
age Nusselt number. The effect of magnetic field and Darcy
numbers are taken into account for these equations.

The literature review showed that this subject of
research has received attention due to the importance in
different applications. However, a lack of information
about this topic is visible and there is not a comprehensive
study to cover all effective parameters. The results of this
research can provide useful guidelines on how to design
solar heaters, and be used as initial data for optimization
analysis to determine the optimum conditions for maxi-
mum heat transfer rate and minimum pressure drop.

2. Problem statement

Consider a laminar, unsteady, and incompressible flow
inside a parallel plate heater with impermeable surfaces,
half thickness of 1 cm and a symmetric boundary. Also,
the length of the channel ðLÞ is 100 times larger than the
half thickness ðR2Þ. A porous substrate (sand stone) is
placed at the plate with thickness R1. The fluid (water)
enters the domain with a uniform velocity distribution
ðU1Þ and constant temperature ðT1Þ. A constant heat flux
is used at the plate and it is uniform along the channel.
Computational domain and coordinate system for the hea-
ter are shown in Fig. 1. The Cartesian coordinate system is
placed at the symmetry axis and only the top half of the
channel is considered for numerical calculations.

In this paper, the following assumptions are made:

� The porous layer is homogeneous, isotropic, and satu-
rated with a single-phase fluid (Valipour et al., 2014b).

� The fully developed flow is desired.
� The fluid phase temperature is equal to that of the solid
phase (local thermal equilibrium, LTE). Note that this
condition is valid when the temperature difference
between the fluid and solid phases is not notable
main for the heater.
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(Rashidi et al., 2014a). This assumption breaks down
during the rapid cooling, heating or problems with sig-
nificant temperature variation across the porous media.
Therefore, this assumption is valid for the solar heater
with a slow warming.

� A constant heat flux is imposed at the plate and it is uni-
form along the heater.

� The radiative heat transfer inside the porous layer is
modeled by a diffusion process (See Appendix A).

� The analysis is performed for the Darcy number from

Da ¼ 10�6 to Da ¼ 10�2 and radiation parameter from
k ¼ 0:5 to k ¼ 0:9. In addition, the thermal conductivity
ratio and Prandtl number were set equal to 5 and 7,
respectively. Also, two values of 40 and 100 are consid-
ered for Reynolds number. Note that the ratio of ther-
mal conductivity is fixed at 5 which means the solid
phase (sand stone) is a better heat conductor than the
fluid (water).

� The reflectors concentrate the solar energy to both sides
of the heater. The heat loss is minimized by using the
glass cover and suitable gap distance or evacuation.
Thus, the net solar heat flux has been used on the heater
and the attentions are focused on the internal side.
3. Mathematical model

Governing equations including the continuity, momen-
tum, and energy are derived to simulate this problem. A
two-domain approach is applied to pertinent the governing
equations in this study. Therefore, the governing equations
must be solved for two zones: the clear fluid and porous
medium zones. Hence, two sets of equations are consid-
ered. A set for clear fluid zone which are indicated by sub-
script (1) and another set for porous medium which are
denoted by subscript (2). With the above description, the
following equations can be written as below.
3.1. Governing equations

3.1.1. Governing equations for the clear region

Mass conservation equation is:

@u�1
@x�

þ @v�1
@y�

¼ 0 ð1Þ

The momentum equations in the x and y directions are:

qf
@u�1
@t�

þu�1
@u�1
@x�

þ v�1
@u�1
@y�

� �
¼�@p�1

@x�
þl

@2u�1
@x�2

þ@2u�1
@y�2

� �
ð2Þ

qf
@v�1
@t�

þ u�1
@v�1
@x�

þ v�1
@v�1
@y�

� �
¼ � @p�1

@y�
þ l

@2v�1
@x�2

þ @2v�1
@y�2

� �
ð3Þ

The energy equation:

qf cp
@T �

1

@t�
þ u�1

@T �
1

@x�
þ v�1

@T �
1

@y�

� �
¼ kf

@2T �
1

@x�2
þ @2T �

1

@y�2

� �
ð4Þ
where superscript ‘‘*” denotes the dimensional variables.
Also, l, cp; kf and qf are viscosity, specific heat, thermal
conductivity and density of the fluid phase, respectively.

3.1.2. Governing equations for the porous substrate

Mass conservation equation in the porous substrate is:

@u�2
@x�

þ @v�2
@y�

¼ 0 ð5Þ

The momentum equations in the x and y directions in
the porous substrate are:

qf

e2
e
@u�2
@t�

þ u�2
@u�2
@x�

þ v�2
@u�2
@y�

� �
¼ � @p�2

@x�
þ l

e
@2u�2
@x�2

þ @2u�2
@y�2

� �
Brinkman term

� l
K
u�2

Darcy term

�CFqfffiffiffiffi
K

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u�22 þ v�22

q
u�2

Forchheimer term

ð6Þ

qf

e2
e
@v�2
@t�

þ u�2
@v�2
@x�

þ v�2
@v�2
@y�

� �
¼ � @p�2

@y�
þ l

e
@2v�2
@x�2

þ @2v�2
@y�2

� �
Brinkman term

� l
K
v�2

Darcy term

�CFqfffiffiffiffi
K

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u�22 þ v�22

q
v�2

Forchheimer term

ð7Þ

where e and K are porosity and permeability, respectively.

The volume-averaged fluid velocity ð~V Þ inside the
porous layer is related to the Darcy velocity ð~vÞ
through Dupuit-Forchheimer relationship, as ~v ¼ e~V .
Forchheimer coefficient, CF , is calculated by (Rashidi
et al., 2014b):

CF ¼ 1:75ffiffiffiffiffiffiffiffiffiffiffi
150e3

p ð8Þ

The energy equation, subject to the local thermal equi-
librium condition, may be written as:

qf cp
e

e
@T �

2

@t�
þ u�2

@T �
2

@x�
þ v�2

@T �
2

@y�

� �
¼ k

@2T �
2

@x�2
þ @2T �

2

@y�2

� �
ð9Þ

The above governing equations are made dimensionless
by using the following dimensionless variables:

x ¼ x�

Dh
; y ¼ y�

Dh
; u ¼ u�

U1
; v ¼ v�

U1
; p ¼ p�

qU 2
1
;

t ¼ t�U1
Dh

; T ¼ T � � T �
w

T �
m � T �

w

ð10Þ

Then, the governing equations reduce to the following
dimensionless equations.

3.1.3. Dimensionless equations for the clear domain

Mass conservation equation:

@u1
@x

þ @v1
@y

¼ 0 ð11Þ
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The momentum equations in the x and y directions:

@u1
@t

þ u1
@u1
@x

þ v1
@u1
@y

� �
¼ � @p1

@x

þ 1

Re
@2u1
@x2

þ @2u1
@y2

� �
ð12Þ

@v1
@t

þ u1
@v1
@x

þ v1
@v1
@y

� �
¼ � @p1

@y

þ 1

Re
@2v1
@x2

þ @2v1
@y2

� �
ð13Þ

The energy equation:

@T 1

@t
þ u1

@T 1

@x
þ v1

@T 1

@y

� �
¼ 1

RePr
@2T 1

@x2
þ @2T 1

@y2

� �
ð14Þ
3.1.4. Governing equations for the porous layer

Mass conservation equation:

@u2
@x

þ @v2
@y

¼ 0 ð15Þ

The momentum equations in the xand y directions:

1

e2
e
@u2
@t

þ u2
@u2
@x

þ u2
@u2
@y

� �
¼ � @p2

@x
þ 1

eRe
@2u2
@x2

þ @2u2
@y2

� �
Brinkman term

� 1

ReDa
u2

Darcy term

� CFffiffiffiffiffiffi
Da

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u22 þ v22

q
u2

Forchheimer term

ð16Þ

1

e2
e
@v2
@t

þ u2
@v2
@x

þ u2
@v2
@y

� �
¼ � @p2

@y
þ 1

eRe
@2v2
@x2

þ @2v2
@y2

� �
Brinkman term

� 1

ReDa
u2

Darcy term

� CFffiffiffiffiffiffi
Da

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u22 þ v22

q
v2

Forchheimer term

ð17Þ

The energy equation can be written as:

1

e
e
@T 2

@t
þ u2

@T 2

@x
þ v2

@T 2

@y

� �
¼ Rc

RePr
@2T 2

@x2
þ @2T 2

@y2

� �
ð18Þ

where Da, Re, and Pr are Darcy, Reynolds, and Prandtl
numbers, respectively, defined by:

Da ¼ K

D2
; Re ¼ qU1D

l
; Pr ¼ m

a
ð19Þ

where m and a are kinematic viscosity and thermal diffusiv-
ity of the fluid, respectively.

Also, Nusselt number based on the hydraulic diameter
of the heater is defined by:

Nu ¼ q00ðDÞ
keff ðT w � T mÞ ð20Þ

where T m is mean temperature, defined by (Dehghan et al.,
2015):

Tm ¼ 1

R2um

Z R2

0

uTdy ð21Þ
um is the mean velocity, given by:

um ¼ 1

R2

Z R2

0

udy ð22Þ

Also, the surface-averaged Nusselt number ðNuÞ is
defined as follows (Bovand et al., 2015a):

Nu ¼ 1

A

Z
A
NudA ð23Þ

Therefore, the time-averaged Nusselt number ð Nu
� �Þ is

calculated by (Bovand et al., 2015a):

Nu
� � ¼ 1

tp

Z tp

0

Nudt ð24Þ

where A and tp are the heater surface and the period of time
integration.

3.2. Boundary conditions

The boundary conditions for this problem could be writ-
ten as follows:

At the inlet of the heater, the uniform flow is used:

For 0 < y < ðR2 � R1Þ ) u1 ¼ 1; v1 ¼ 0; T 1 ¼ 0

For ðR2 � R1Þ < y < R2 ) u2 ¼ 1; v2 ¼ 0; T 2 ¼ 0
ð25Þ

At the outlet of the heater, zero gradient boundary con-
ditions are used. These boundary conditions are given by
(Rashidi et al., 2015b):

For 0 < y < ðR2 � R1Þ ) @u1
@x

¼ 0;
@v1
@x

¼ 0;
@T 1

@x
¼ 0

For ðR2 � R1Þ < y < R2 ) @u2
@x

¼ 0;
@v2
@x

¼ 0;
@T 2

@x
¼ 0

ð26Þ
At the centerline of the heater, symmetry conditions

have been used. These conditions are given by:

@u1
@y

¼ 0;
@T 1

@y
¼ 0 ð27Þ

For the heater wall, no-slip and constant heat flux are
used as the velocity and thermal boundary conditions.
These conditions are defined by:

u2 ¼ 0; v2 ¼ 0; �ðkc þ krÞ @T 2

@y
¼ q00w ð28Þ

Also, kc and kr are the effective solid and radiative conduc-
tivities, respectively. kr is calculated by (Nield and
Kuznetsov, 2010):

kr ¼ 16rT �3

3bR
ð29Þ

where bR and r are the Rosseland mean extinction coeffi-
cient and the Stefan Boltzmann constant, respectively.
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Radiation parameter can be written as follows:

k ¼ 1

1þ 3bRkc=16rT
3
w

ð30Þ

Different boundary conditions between a fluid layer and
a porous medium are investigated by Alazmi and Vafai
(2001). It was found that for most practical applications,
the variances within different thermal interfacial-
conditions have negligible effects on the results. Rashidi
et al. (2015b) performed a comparison for the fluid flow
interface boundary conditions between the porous and
clear fluid regions. Their results indicated that the stress-
jump model is superior to other models. Therefore, the
stress-jump boundary condition was applied in this study.
Also, the coupling conditions at the interface region follow
the continuity of the velocity, the shear stress, the temper-
ature and the heat flux. These conditions are given by:

u1 ¼ u2; v1 ¼ v2

leff
@v2
@y � lf

@v1
@y ¼ b

lfffiffiffi
K

p v1 þ b1qv
2
1

or

leff
@v2
@y � lf

@v1
@y ¼ b

lfffiffiffi
K

p v2 þ b1qv
2
2

8><
>:
T 1 ¼ T 2;

@T 1

@x
¼ Rc

@T 2

@x
;
@T 1

@y
¼ Rc

@T 2

@y

ð31Þ

where b and b1 are adjustable parameters which account
for the stress jump at the interface. Both b and b1 are equal
to 1 in the present study (Rashidi et al., 2015b). Also, the
effective dynamic viscosity is used in the following form
(Rashidi et al., 2015c):

leff ¼
lf

e
ð32Þ

As the initial condition, there is no flow inside the
domain at the initial time.

4. Computational model

4.1. Numerical method

The governing equations with the relevant boundary
conditions are discretized using the finite volume method.
A two-dimensional staggered grid has been employed in
this paper. In this method, the scalar variables are stored
in the centers of the control volumes, whereas the velocity,
momentum and temperature variables are located at the
control volume faces. Also, the well-known SIMPLE algo-
rithm is applied to couple the velocity and pressure
(Patankar, 1980). The first order implicit method is
adopted to discretize the time derivatives and a third-
order accurate QUICK scheme is used for the convective
estimation (Rashidi et al., 2015d; Rashidi and Esfahani,
2015; Rashidi et al., 2015e; Bovand et al., 2015b). Green–
Gauss is employed to discretize the diffusion terms. Note
that the converged solutions are acceptable when the sum-

mation of residuals to be lower than 10�7 for all equations.
4.2. Grid independent study and validation

A close-up view of the grid resolution at the inlet of the
heater as a sample mesh is shown in Fig. 2. A two-
dimensional square mesh has been generated for this study.
This mesh is refined near the heater walls and interface
between the porous substrate and fluid region. Several grid
sizes were tested to insure that the results are independent
of the grid size. This test is performed for the cases empty
heater (d ¼ 0) and the heater with porous substrate

(d ¼ 1=3 and Da ¼ 10�3) at Re = 100. As shown in Table 1,
the percentage differences between cases 3 and 4 for the
Nusselt number are 0.2% and 0.3% for d = 0 and 1/3,
respectively. Therefore, the grid size of 1200� 160 is
selected for the rest of simulations.

In order to display the validity of the numerical method,
present results are compared with some of the experimental
results. Validation is performed for an open-cell aluminum
foam cylinder heated at the wall by a constant heat flux and
cooled by the water flow. A tube with a length of 30.50 cm,
diameter of 5.08 cm and wall thickness of 0.63 cm is con-
sidered. Foam is inserted to the tube’s internal surface.
This foam is made by aluminum alloy 6101-T6 with poros-
ity of 87.6%.

The results are obtained for inlet velocity of 0.0049 m/s
and the local thermal equilibrium employed by the numer-
ical solution. More details about the geometry of this prob-
lem are available in Dukhan et al. (2015). The results are
available in Fig. 3. The percentage errors between the
numerical and experimental results at different axial dis-
tances are presented in Table 2. As shown in this table,
the present numerical results follow the trends of
experiment along the length of the channel with the average
error in the vicinity of 8%. This indicates that the numerical
results agree well with the experimental data. Note that
there is always a discrepancy between numerical and exper-
imental results. This discrepancy is due to the experimental
factors like calibrating equipment for lab measurements,
experiment accuracy, human errors, missing out some pro-
cess, etc. Of course, numerical errors can lead to this dis-
Fig. 2. Mesh sample at the inlet of the heater.



Table 1
Effect of grid size on Nusselt number at Re = 100.

No. Grid size Nusselt number

d ¼ 0 Percentage difference d ¼ 1=3, Da ¼ 10�3 Percentage difference

1 150 � 20 0.722 1.3 1.153 1.4
2 300 � 40 0.732 0.8 1.17 0.9
3 600 � 80 0.737 0.2 1.179 0.3
4 1200 � 160 0.739 1.183

x/D
0 1 2 3 4 5 6

N
u

0

100

200

300

400

Experimental results (Dukhan et al., 2015)
Numerical results (Present simulation)

Fig. 3. Comparison between the present results and experimental data by
Dukhan et al. (2015).

Table 2
Percentage errors between the numerical and experimental results of
Fig. 3.

x=D Percentage errors

0 8.2
1 8.91
2 7.92
3 8.42
4 7.45
5 8.66
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crepancy. However, 8% error between numerical and
experimental results is acceptable.
5. Results and discussion

A numerical simulation has been performed to investi-
gate the effects of porous substrate on the heat transfer
and flow characteristics.

Fig. 4 presents the streamlines inside the heater for dif-
ferent dimensionless porous substrate thicknesses and three
Darcy numbers at Re = 40. Note that these values of Darcy
numbers are selected as low, intermediate and high values.
As shown in this figure, the streamlines within the porous
substrate are more elongated in the horizontal direction

for high Darcy numbers (i.e. Da ¼ 10�2). The streamlines
more easily penetrate into the porous substrate for higher
Darcy numbers. It is worth mentioning that the curvature
of the streamlines increases with a decrease in Darcy num-
bers because more obstruction to the fluid flow is expected
for low Darcy number. Note that this obstruction is due to
the viscous and inertial forces created by the porous solid
matrix. Also, the streamlines are more uniform for the case
of full packed channel (d ¼ 1). The streamlines are much
denser at the clear fluid region for d ¼ 2=3 and

Da ¼ 10�6. The porous substrate acts as a solid block
and the path of the flow in clear fluid region (cross-
sectional area in the fluid region) decreases for low Darcy

number (i.e. Da ¼ 10�6). The streamlines for the case of

Da ¼ 10�2 and d ¼ 1 are similar to the case of empty heater
d ¼ 0 because a porous layer with high Darcy number
(high permeability) acts as a void body. For all cases, the
streamlines have a uniform behavior inside the heater at
the horizontal direction.

The velocity contours inside the heater for different por-
ous substrate thicknesses andDarcy numbers atRe = 40 are
shown in Fig. 5. As shown in this figure, the velocity inside
the porous substrate is small compared to the clear fluid
region for d = 1/3 and 2/3. This is due to the strong resis-
tance of the porous substrate. Also, the velocity increases
in the fluid region with an increase in dimensionless porous
substrate thickness for d = 1/3 and 2/3. This is due to the
smaller cross-sectional area in the fluid region for larger
dimensionless porous substrate thicknesses. This leads to a
larger velocity value in the clear fluid region. Also, this figure
shows the boundary layer thickness. It is observed that the
boundary layer thickness increases with decrease in Darcy

numbers. For Da ¼ 10�6, the porous substrate acts like a
solid body near the walls and the fluid velocity is near the
zero in this region. Also, it is noticeable that the boundary
layer thickness increases by using porous substrate com-
pared with that in the corresponding empty heater.

Axial velocity distributions in the vertical direction for
different Darcy numbers and porous substrate thicknesses
at Re = 100 and x=R2 ¼ 5 are shown in Fig. 6. It is
observed that the mean fluid velocity in the porous sub-
strate is lower than that in the clear fluid region. It is
noticeable that the flow retards by the microscopic viscous
and inertial forces generated by the porous solid matrix. It
can be seen that for a constant porous substrate thickness,
the divergence between the velocity profiles around the
interface region increases with decrease in Darcy number.
This is due to the jump in shear stress at the interface
region (see Eq. (31)). Note that terms of leff@v2=@y and
lf@v1=@y in Eq. (31) denote the shear stresses of the porous
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Fig. 4. Streamlines inside the heater for different Darcy numbers and porous substrate thicknesses at Re = 40.
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and clear fluid regions, respectively. Also, blf =
ffiffiffiffi
K

p v1
and

b1qv
2
1 are defined as viscous and inertial terms, respectively.

The right-hand side of Eq. 31 increases with decrease in
Darcy number (permeability) and this leads to the differ-
ence between two shear stresses (the shear stresses for the
porous and clear fluid regions). It is worth mentioning that
the velocity decreases with increase in Darcy number at the
clear fluid region for d = 1/3 and 2/3. For the porous
region, the velocity increases with an increase in Darcy
number for this case (d = 1/3 and 2/3). Moreover, the
velocity for the full fill heater (d = 1) is lower than that
for the empty heater (d = 0) in the core region of the chan-
nel. This makes the near wall velocity to be higher for full
fill heater, which can contribute to advection of heat.
Lower Darcy number at full fill heater can flatten the veloc-
ity profile in the core region, which is similar to behavior of
the turbulent channel flow.

The isotherm contours inside the heater for different por-
ous substrate thicknesses and Darcy numbers at Re = 40
and k ¼ 0:5 are presented in Fig. 7. It can be seen that the
size of the thermally developing entrance increases with an
increase inDarcy number. It is obvious that the fluid passing
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Fig. 5. Velocity contours inside the heater for different Darcy numbers and porous substrate thicknesses at Re = 40.
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through the heater is negligible for low value of Darcy num-

ber (i.e.Da ¼ 10�6). Asmore andmore fluid penetrate inside
the heater for higher Darcy number, they carry away more
heat with themselves. Therefore, a long thermally develop-
ing entrance is observed at high Darcy number. For all
cases, the isotherms show a steady thermally developing
entrance inside the heater at the horizontal direction. It is
evident that the isotherm contours are normal to the sym-
metric centerline because this line acts as an insulated wall
(see Eq. (27)). It is worth mentioning that the temperature
distribution in porous substrate becomes more uniformwith
an increase in Darcy numbers. Also, the isotherm lines are
more stretched in flow direction for higher values of Darcy
number because it is easier for fluid to flow in the heater with
larger velocity at high Darcy numbers. The contours are
much more sporadic when the heater is full filled by porous
material (d ¼ 1). Note that the heat conduction plays an
important role when the porous materials are inserted to



Fig. 6. Axial velocity distribution in the vertical direction for different Darcy numbers and porous layer thicknesses at Re = 100 and x=R2 ¼ 5.
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the heater especially at low values of Darcy number. More-
over, the insert of porous material has forced the tempera-
ture gradient near the wall to increase.

Variations of time-averaged Nusselt number against
Darcy number for different porous substrate thicknesses
at Re = 100 and k ¼ 0:5 are presented in Fig. 8. Note that
the horizontal line denotes empty heater (d ¼ 0). As shown
in this figure, the Nusselt number increases by adding the
porous substrate to the heater for high Darcy numbers.
This is justified by two reasons. First, the heat transfer
from the porous substrate to the fluid flow increases due
to the larger effective conductivity of this medium. Second,
the heat transfer rate is increased with increase in Darcy
numbers because the fluid flows faster through porous sub-
strate with high permeability. Therefore, the rate of con-
vection heat transfer is considerably increased with an
increase in Darcy number. It is worth mentioning that
the Nusselt number increases with an increase in porous
substrate thicknesses for higher values of Darcy number.
These augmentations are up to 3, 4.4 and 5.9 times for

d = 1/3, 2/3 and 1, respectively at Da ¼ 10�2. However,
increase in the porous substrate thicknesses leads to a small
reduction in Nusselt number for Darcy numbers smaller

than 10�5.
Variations of the local Nusselt number in the heater wall
for different porous layer thicknesses at Re = 100, k ¼ 0:5

and Da ¼ 10�3 are shown in Fig. 9. As shown in this figure,
Nusselt number increases with an increase in the porous
substrate thicknesses for this Darcy number. Note that
the heat convection plays an important role at high Darcy
numbers and that for d ¼ 0, the Nusslet number decreases
along the axial direction for x=R2 < 4 while it is generally
constant for x=R2 > 4 along the axial direction (thermally
developed Nusselt number value). Also, this specific value
of x=R2 increases with an increase in porous substrate
thicknesses. In addition, there are Nusselt numbers for
laminar flow between parallel plates or inside the tube for
the case of constant heat flux wall in the references
(Bejan, 2013). These Nusselt numbers are for the cases of
empty channel (d ¼ 0) and without considering radiation
(k ¼ 0). For example, thermally developed Nusselt number
value for laminar flow inside a tube with constant heat flux
wall is equal to 4.364 (Bejan, 2013).

Variations of the local Nusselt number at the heater wall
for different porous layer thicknesses and at Re = 100,

k ¼ 0:5 and Da ¼ 10�6 are shown in Fig. 10. As shown in
this figure, Nusselt number decreases with an increase in
the porous substrate thicknesses for this Darcy number.
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Fig. 7. Temperature contours inside the heater for different Darcy numbers and porous substrate thicknesses at Re = 40 and k ¼ 0:5.
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Note that the heat transfer rate from the wall to fluid is
constant but the temperature difference of flow increases
because the fluid has more time to get heat from the wall
at low Darcy number. Also, the heat conduction plays an
important role at low Darcy numbers.

The effects of the radiation parameter (k) on the time-
averaged Nusselt number for different Darcy numbers at
Re = 100 are shown at Fig. 11. It can be seen that the aver-
aged Nusselt number increases with an increase in radia-
tion parameter. These augmentations are in the vicinity
of 78.8%, 61.8% and 44.4% for Darcy numbers equal to

10�4, 10�3 and 10�2, respectively at 0:5 < k < 0:9. There-
fore, the effects of the radiation parameter on augmenta-
tion of heat transfer are more visible for lower Darcy
number.

Variations of pressure drop versus dimensionless porous
layer thickness for different Darcy numbers at Re = 100 are
presented in Fig. 12. Here, the pressure drop ratio is the
ratio of the pressure drop in porous heater to that in the
empty heater (d ¼ 0). It is observed that the pressure drop
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for the porous heater increases with a decrease in Darcy
numbers. This is due to the high macroscopic and micro-
scopic shears, and high bulk and microscopic inertial drag
forces for the low Darcy numbers. Also, the pressure drop
increases with an increase in porous layer thickness. There-
fore, more pumping work is required for the porous heater
to maintain the same amount of the flow rate in empty hea-
ter. As a result, an important factor that must be consid-
ered when use of the porous material to increase in heat
transfer is the penalty arising from the enhanced pressure
drop. Therefore, the porous materials have a positive
impact upon the heat transfer enhancement and a negative
effect on pressure drop, consequently on the pumping
power. Note that the high value of pressure drop occurs
at high value of porous layer thicknesses (i.e. d = 1 or
2/3). Use of a small porous layer thickness (i.e. d ¼ 1=3)
with moderate increase in heat transfer rate is recom-
mended for cases that term of pressure drop is critical.
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Variations of the heat transfer enhancement (f) versus
Darcy numbers for different porous layer thickness at
Re = 100 are presented in Fig. 13. Heat transfer enhance-
ment (f) is calculated by (Webb, 1981):

f ¼ Nup
Nue

f e

f p

 !1=3

ð33Þ

where subscripts p and e denote with and without porous
material in heater, respectively. Also, f is the friction factor
and calculated by:

f ¼ Dp

0:5qU 2
m

L
R2

ð34Þ

whereDp,Um andL are the pressure drop,mean velocity and
length of the heater, respectively. Note that the Eq. (33) is
presented for a constant pumping power. It is observed that
the heat transfer enhancement increases with an increase in
Darcy numbers. In this figure, f greater than 1 indicates that
the insert of porous layer inside the channel is suitable in
terms heat transfer enhancement and pressure drop.

As a result, the wall temperature decreases by adding the
porous material because the heat transfer rate increases
with insert of porous layer inside the channel. This also
assists to decrease the loss from the heater and leads to
increase in the overall solar heater efficiency. Beside this,
the porous materials are widely used for purification of liq-
uids and gases. In the heater, these materials have many
impacts on the device efficiency and can be utilized as
purification of fluids within such devices that leads to mit-
igation or prevention of corrosion and scaling. The corro-
sion has the negative impacts on the performance of
heaters (Rashidi et al., 2015a).
6. Conclusion

Combined convection–radiation heat transfer in a por-
ous solar heater has been studied in details. Full filled (with
porous substrates), partially filled and empty heaters are
considered. This research was performed based on the
viewpoints of the heat transfer enhancement and pressure
drop for an inserted porous substrate inside the solar hea-
ter. The important findings of this research are listed as
follows:

� The streamlines within the porous substrate are more
elongated in the horizontal direction for high Darcy

numbers (i.e. Da ¼ 10�2).
� The velocity increases in the fluid region with increase in
porous substrate thickness for d = 1/3 and 2/3.

� The size of the thermally entrance zone increases with an
increase in Darcy number.

� For a constant porous substrate thickness, the diver-
gence between the velocity profiles around the interface
region increases with a decrease in Darcy number.

� Nusselt number increases with an increase in the porous
substrate thicknesses for higher Darcy number. These
augmentations are up to 3, 4.4 and 5.9 times for

d = 1/3, 2/3 and 1, respectively at Da ¼ 10�2.
� Nusselt number decreases with an increase in the porous
substrate thicknesses for lower Darcy number (i.e.

Da ¼ 10�5).
� The averaged Nusselt number increases with an increase
in radiation parameter. These augmentations are in the
vicinity of 78.8%, 61.8% and 44.4% for Darcy numbers

equal to 10�4, 10�3 and 10�2, respectively at 0:5 < k < 0:9.
� The pressure drop for heater increases with an increase
in dimensionless porous layer thickness and decrease
in Darcy number.

The authors hope that the results from this research pro-
vides the useful guidelines to design of solar heat exchang-
ers andcan be used as initial data for optimization analysis
to calculate the optimum conditions for maximum heat
transfer rate and minimum pressure drop.
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Appendix A

The radiative heat transfer could be treated as a diffu-
sion process by introducing the radiative conductivity in
cellular porous materials and metallic foams (Nield and
Kuznetsov, 2010; Dehghan et al., 2015). A radiative heat
flux has been considered at the top wall of the heater in this
paper. The boundary condition at this wall is:

�ðkc þ krÞ @T 2

@y
¼ q00w
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kr is radiative conductivity and defined by (Nield and
Kuznetsov, 2010; Dehghan et al., 2015):

kr ¼ 16rT �3
w

3bR

kc is molecular thermal conductivity. The radiative
effects inside the porous medium are modeled at energy
equation. The energy equation in porous medium can be
written as:

1

e
e
@T 2

@t
þ u2

@T 2

@x
þ v2

@T 2

@y

� �
¼ Rc

RePr
@2T 2

@x2
þ @2T 2

@y2

� �

Rc in energy equation is thermal conductivity ratio and
is calculated by (Nield and Kuznetsov, 2010; Dehghan
et al., 2015):

Rc ¼ ðkc þ krÞ
kf

f ðT Þ

T is dimensionless temperature and calculated by:

T ¼ T � � T �
w

T �
m � T �

w

T m is bulk mean temperature defined by Eq. (12). f ðT Þ is
defined by (Nield and Kuznetsov, 2010):

f ðT Þ ¼ 1þ b1T þ b2T 2 þ b3T 3

b1 ¼ 3kT r; b2 ¼ 3kT 2
r ; b3 ¼ kT 3

r ;

k is radiation parameter defined by Eq. (21) and T r is
temperature variation parameter calculated by (Nield and
Kuznetsov, 2010):

T r ¼ T �
m � T �

w

T �
w

:
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