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Abstract. The present work is a numerical simulation of the mixed convection of an incompressible fluid in
a horizontal channel under sun radiation partially filled with metal foam blocks. The Darcy-Brinkman
model is adopted. The control volume approach is used to solve the motion and energy equations governing
mixed convection. The study focuses on the effect of certain control parameters such as the Rayleigh
number (Ra), the thermal conductivity ratio and the porosity on the flow structure and heat transfer. Indeed,
the results for flow structures and temperature distribution are presented in the form of velocity fields with
streamtraces and isotherms, while the average Nusselt number (Nu) is used to quantify heat transfer.

1 Introduction
The problem of mixed convection in porous structures
has been the subject of many scientific and industrial
problems such as geophysics, heat exchangers,
hydrology, chemical processes and biology. Also, there
are several applications of this phenomenon such as the
storage of nuclear waste and solar collectors. This
interest is due to the fact that this kind of structure
improves the heat transfer performance, reduces the
boundary layer thickness, increases the surface area in
contact with the fluid, intensifies the mixing of the
flowing fluid and thereby enhances the convection heat
transfer. In the literature several articles have
numerically treated convection in a partially porous
cavity, the state of the art has been very well
summarized in the monographs by Nield and Bejan [1]
and Vafai [2]. Although research in porous media is not
new, Kaviany [3] began work more than 150 years ago,
but problems with high-porosity cellular materials only
started in the last 20 years. Metal foams as a relatively
new class of porous media are a network of randomly
oriented ligaments, consisting of connected void namely
pores with nearly uniform size and shape, the most
commercially available metal foams are based on
aluminum, copper, nickel and metal alloys. The
foregoing literature review shows most of the numerical,
experimental and analytical studies of flow and heat
transfer in metal foams focused either on natural, forced
or mixed convection. A numerical study of natural
convection in a cubic cavity partially filled with a porous
medium made by F. Habbachi et al. [4]. The authors
found that fluid flow and heat transfer are controlled by
the thickness of the porous matrix and the thermal
conductivity ratio. A.kacem et al. [5] published a
*

numerical study of natural convection in a porous cubic
cavity. The work reported that the increase of the Darcy
number and the Rayleigh number porous leads to the
intensification of the flow and the heat transfer is mainly
convective.
W.Lu et al. [6] have developed analytically forced
convection heat transfer solutions in a parallel plate
channel partially filled with metal foam. Their results
show that the pressure decrease in a partially filled foam
channel is lower than that of a totally filled channel. The
authors have deduced that if the amount of fluid entering
the foam is large, the fluid is enhanced by the foams and
thereafter results in improved heat transfer performance
and high flow resistance. Other researchers analyzed
numerically the natural convection in horizontal cavity
partially filled with aluminum foam and heated from
above B.Buonomo et al. [7]. The authors concluded that
the presence of metal foam with low values of PPI, the
heat transfer is improved. The same authors [8]
examined experimentally and numerically mixed
convection in a cavity heated from below. It has been
noticed that the presence of the metal foam at the level
of the channel causes a decrease of the temperature for
weak PPI at the entrance of the heated channel. The flow
behavior of the fluid in a partially filled channel of the
metal foam block is examined experimentally by
F.S.Anuar et al. [9]. They have noticed that foams with
low pore densities facilitate flow in the porous matrix,
and the blocking rate does affect temperature
distributions. X.Bai et al. [10] studied numerically the
heat transfer by forced convection in a cavity filled with
a metal foam. Their results show that the existence of the
functional caliber metal foam in the channel causes the
increase of the heat transfer coefficient as well as the
increase of the pressure drop.
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2 Analysis and Modeling

In addition, the Darcy-Brinkman model was adopted in
this analysis. By introducing the adimensional quantities
given above into the conservation equations, we obtain
another system of governing equations in dimensionless
form:
.V 
0
(3)

In this paper, it is proposed to study the phenomenon of
mixed convection in a horizontal channel partially filled
with metal foam out of local thermal equilibrium with
the fluid. The geometry of the physical problem studied
is presented in Figure 1. The cavity is of length (L '= 6),
height and depth (H' = 1). The speed and the inlet
temperature are kept constant (V0 and T0). In addition,
the lower and upper walls are subjected to a uniform
temperature (T'w) on the porous matrix at the top and
bottom of the fluid layers (bottom), while the other walls
are adiabatic. Among the simplifying hypotheses used to
facilitate the resolution of conservation equations are:
The fluid saturating the porous medium is Newtonian
and incompressible, the porous medium is homogeneous
isotropic saturated with a fluid (air), the flow is laminar,
the transfer of radiation heat is negligible. In addition,
the boussinesq approximation is adopted :
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Foregoing
equations
introduce
the
dimensionless parameters:
The Prandtl number Pr    ,
The Darcy number Da  K / H ' ,
The Rayleigh number Ra
 gT TH '3 / ,
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The thermal conductivity ratio
The thermal diffusivity ratio    s /  f
The boundary conditions for the governing equations are
the non-slip condition on all the walls of the cavity even
though. The lower and upper walls are subjected to a
uniform temperature (T'w) on the porous matrix at the top
and bottom of the fluid layers (bottom), while the other
walls are adiabatic. The dimensionless boundary
conditions can be mathematically expressed as follows:
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Fig. 1. Physical domain considered and coordinates system

In the present study, the solution of our problem is
retained by solving the Navier–Stokes equations in the
fluid domain and the flow is modeled by utilizing the
Darcy-Brinkman equations for the porous layer.
Retaining the corresponding terms in the conservation
equations leads to the full Navier-Stokes equation in the
fluid or the Darcy-Brinkman model in the porous media.
This implies numerical difficulties in terms of
convergence and accuracy at the fluid-porous interface
when the permeability contrast is high (low Darcy
number in the porous layer). The following
dimensionless variables are used:
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The results for the total heat transfer rate across the
enclosure will be presented in terms of the Nusselt
number defined as:
Nu 
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In addition, the increase in porosity in the channel makes
the velocity field larger and therefore the intensification
of the flow. Therefore, the high porosity facilitates the
flow of fluid through the porous layers.
The observations made previously can be confirmed
from the temperature profiles in Figure 3 below for
different porosities. This figure illustrates that the
increase in porosity is followed by a decrease in the
overall temperature field. So, the heat transfer in the
channel is amplified for low porosities.

(8)

(9)

The numerical resolution was performed by a finite
volume method-based calculation code described in
Patankar [11] for the purpose of solving the
dimensionless equations (3-6) governing our problem.
The resulting algebraic equations were solved line by
line using the SIMPLE algorithm. We also used iterative
methods coupled with a 122 * 42* 42 nodes multi-grid
acceleration technique for more accurate results. The
convergence criteria are the conservation of mass,
momentum and energy mean, as well as the convergence
of preselected dependent variables with a prescribed
tolerance of 10-6.
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Fig. 3. Temperature profiles for different porosities, Re = 50,
Ra = 104, (  1) and Da = 10-3

In this part, we will focus on studying the effect of
porosity ( ) , the Rayleigh number (Ra) and the thermal

3.2 Effect of Rayleigh Number

conductivity ratio ( ) considering that the metal foam
and the fluid are out of local thermal equilibrium.

Figure 4 below defines the evolution of the global
Nusselt number (Nug) as a function of the Rayleigh
number (Ra = 100 to Ra = 5.105) for Re = 50, Da = 10-3
and for different porosities (ε). The effects of the
Rayleigh number (Ra) on heat transfer are obvious, we
can see that the increase in the number of Rayleigh (Ra)
is followed by an increase in the Nussselt number (Nug).
Indeed, for a porosity ε = 0.822, the heat exchange is
more significant than in the case of a higher porosity (ε =
0.975), moreover the decrease of the porosity (ε) causes
a slowing down of the flow in the foam and subsequently
an increase in the heat exchange between the solid
matrix and the fluid which explains the increase of the
heat transfer in the cavity.

3.1 Effect of porosity
Isotherms, velocity fields and streamtraces for different
porosities ( ) , Re = 50, Ra = 104, (  1) and Da = 10-3
are shown in Figure 2. There is a similarity of the
isotherms for different porosities.

3.3 Thermal conductivity ratio effect
Nusselt number: This part is devoted to the study of the
thermal interactions between the solid matrix and the
fluid phase. We will therefore study the effect of the
ratio of thermal conductivities (1    700) for two
different porosities 0.822 and 0.97 by fixing the other
parameters governing our problem such as Ra = 10 4,
Re = 50, Da = 10-3. The evolution of the Nusselt number,
reflecting the heat transfer, with respect to the thermal

Fig. 2. Isotherms, velocity fields and streamtraces for different

conductivities ratio ( ) is illustrated in Figure 5.

porosities, Re = 50, Ra = 104, (  1) and Da = 10-3
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Fig. 4. Evolution of the global Nusselt number (Nug) as a
function of (Ra) for different porosities, Da = 10-3, Re = 50 and

(  1) .
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Fig. 6. Isotherms, velocity fields and streamtraces for

22

different ( ) , Re = 50, Ra = 104,   0.822 and Da = 103

  0,822
  0,97

20

Velocity fields and streamtraces show a rehomogenization of the flow in the porous matrix due to
the low Darcy number of porous blocks (Da = 10-3)
which slows the movement of the fluid. The isotherms
illustrate the important effect of thermal interactions
between porous media and fluid. Indeed, the increase in
( ) leads to the intensification of the porous blocks and
the isotherms are more dispersed in the porous matrix.
For the low thermal conductivity ratios (  10) , the
isotherms are quite curved with low temperature
gradients, hence the movement of the fluid is very
convective. Whereas, starting from (  50) , there is a
thermal quasi-stratification which explains the gradual
attenuation of the convective transfer giving rise to the
conductive transfer. As a result, metallic foam with its
very high thermal conductivity leads to an increased heat
transfer by conduction through the solid matrix.
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Fig. 5. Evolution the global Nusselt number as a function of
thermal conductivity ratio ( ) for different porosities for
Ra=104, Re=50 and Da=10-3

This figure reveals that the global Nusselt number (Nu g)
increases rapidly with the increase of the thermal
conductivity ratio ( ) for porosity   0.822 . Which
proves that the heat transfer is amplified for the high
values of ( ) and therefore the transfer mode is almost
conductive imposed by the thermal conductivity of the
solid matrix of the metal foam. Whereas for a high
porosity   0.97 , there is a slight increase in the

3.4 Effect of porous number blocks
Figure 7 shows the temperature profiles at outlet of the
channel for different numbers of metal foam blocks for
Re = 50, Ra = 104, Da = 10-3, (  1) and   0.822 . It is
found that the number of metal foam blocks is a
parameter of optimal conditions control in order to
improve the heat transfer in the cavity. Indeed, the best
choice is to use two blocks of metal foam since the
temperature profiles for different planes (y = 0.1, 0.5 and
0.9) are almost identical displaying the best thermal
mixing.

Nusselt number (Nug) for (  10) , then the evolution
of the global Nusselt number(Nug) reaches its maximum
and remains constant with a horizontal asymptotic pace,
which explains the increase in conductive heat transfer.
Isotherms and streamtraces: The effect of the thermal
conductivity ratio ( ) , where it’s varied from 10 to 700
on the isotherms velocity field and streamtraces are
displayed in figure 6.
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Fig. 7. Temperature profiles at the outlet of the cavity for
different numbers of metal foam blocks for Re = 50, Ra = 104,
Da = 10-3, (  1) and   0.822

4 Conclusion
In this paper we have illustrated the results for mixed
convection in a in a channel partially filled with metal
foam block and solicited by solar radiation out of local
thermal equilibrium.
The results of our simulation allow us to conclude that:
 The increase in the Rayleigh number generates the
increase in heat transfer and the intensification of the
flow which reveals the transition from a conductive
regime to that totally convective.
 The increase in porosity (increase in the permeability
of the metallic foam) causes the intensification of the
flow in the channel, while the heat transfer is amplified
for low porosities
 For high thermal conductivity ratios, heat transfer is
amplified and the homogenization of the temperature at
the outlet of the channel is ensured.
 The choice of two metal foam blocks is the optimal
number of blocks which revealed temperature profiles
show the best thermal mixing
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