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1. INTRODUCTION

Transport phenomena in porous media arise in 
many fields of science and engineering. In recent 
years, porous media have frequently been used in 
high temperature systems, such as heat recovery 
systems, porous radiant burners and porous heat 
exchangers. The technique of energy conversion 
between gas enthalpy and thermal radiation by 
means of porous medium has been studied by 
many researchers [1,2]. When a high temperature 
gas flows through a porous metal plate with high 
porosity, the enthalpy of working gas is effectively 
transformed to the porous medium via an 
extremely high heat transfer coefficient and large 
surface area between the flowing gas and the 
porous plate, and then a large amount of radiant 
energy is emitted in upstream direction by the 
porous plate with strong emissive power. This 
procedure has been used in high temperature heat 
exchangers to enhance the performance of these 
equipments [3]. 
    Average and local surface heat transfer 
coefficients in a cylinder packed with spheres has 
been investigated experimentally by Khoshravan 
[4]. The experimental technique consisted of 
introducing a step-wise change in the temperature of 
air flowing through the bed and recording the 
resulting air and ball temperature transients within 
the bed over a range of Reynolds numbers. Finally, 
an overall correlation of heat transfer with Reynolds 
number was derived.
     Yoshida, et al [5] investigated the transient 
characteristics of heat transfer in porous media. In 
that work, because of high porosity of the porous 
media, the conduction heat transfer in the radiative 
converter was neglected. In the non-radiating gas 
flow analysis, it was assumed that conduction and 
convection occurs simultaneously and integral 
method was used to obtain the net radiative heat 
flux in the porous matrix. Transient heat transfer 
characteristics of an energy recovery system using 
porous media has been investigated by 
Gandjalikhan Nassab [6] in which the two-flux 
radiation model was used to calculate the radiative 
fluxes.
     Based on the energy conversion technique 
between gas enthalpy and thermal radiation, a new 
type of multi layered gas-to-gas porous heat 

exchanger has been proposed by Tomimura et al. 
[7]. A series of experiments have been conducted 
for 2-5 layers and it was clarified that the optical 
thickness of about 8 is enough to obtain sufficient 
heat recovery. 
     A multi-layered type of porous air heater was 
proposed by the author [8]. The proposed system 
has five distinct porous layers which are separated 
from each other by four quartz glass walls. The heat 
of combustion is converted into thermal radiation in 
a porous radiant burner and the energy conversion 
process form thermal radiation into gas enthalpy 
occurred in low temperature sections. In order to 
improve the thermal performance of the system, a 
high temperature section was also considered to 
recover the enthalpy of exhaust gas from PRB 
which otherwise would be wasted. Two-flux model 
was used to describe the radiative flux from the 
solid matrix. Numerical results showed a very high 
efficiency for this type of porous air heater.
     A five-layered porous heat exchanger consisting 
of two high temperature, two heat recovery and one 
low temperature sections have been analyzed by 
Gandjalikhan Nassab, et al [9]. In that work, the 
gaseous radiation was also considered and it was 
shown that in the case of high optical thicknesses 
for porous layers, this type of porous heat exchanger 
has high efficiency. In a recent study by the second 
author, theoretical analysis of a porous radiant 
burner under the influence of a 2-D radiation field 
using discrete ordinates method was carried out 
[10]. In that work, combustion in the porous 
medium was modeled by considering a non-uniform 
heat generation zone. It was found that the layer 
with large aspect ratio and small scattering 
coefficient, operates efficiently to convert the 
energy from gas enthalpy to thermal radiation. Also, 
the results indicate that the temperatures of gas and 
porous media at the outlet section increase as the 
flame location moves downstream.
     In all of the above works, for obtaining the gas 
and  temperature distributions along the porous 
layer, the gas and  energy equations was solved 
numerically, such that the convective term in gas 
energy equation was considered by assuming a 
simple plug flow through porous matrix. Besides, it 
is clear that to achieve an accurate thermal analysis, 
fluid flow simulation in porous medium should be 
considered. Complex geometry of a porous medium 
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     These boundary conditions with the evolution 
equation (Equation 1) are used to simulate fluid 
flow in the porous medium.

2.1.3. Results and confirmation of the fluid flow 
computations   This section shows the main 
results of the fluid flow simulation. Dimensions of 
the channel were chosen 203.009.0 m

)( heightlenght  and obstacle size )( pd was 0.4

mm (4-lattice unit). Calculations were performed 
using 300900 lattice nodes for 450Re xL . 

Porosity was assumed to be 0.9 in this study. 
     Velocity profiles along x-axis at different cross 
sections through the channel are shown in Figure
4. Moreover, to demonstrate the effect of obstacles 
on the fluid flow, the zoomed observation of the 
velocity field and streamlines in the porous 
medium are shown in Figures 5a, 5b. The effect of 
solid particles on flow distribution is clearly seen 
in these figures.
     To verify the numerical results, the non-
dimensional pressure drop )( dXdP along the 
porous medium was compared with the results of 
other investigators. In order to calculate

)( dXdP , the non-dimensional pressure 
difference between the inlet and outlet of the 
porous matrix is divided by its non-dimensional 
length. The inlet and outlet fluid pressures are 
determined using the following equation  
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In addition, Pressure drop computations are carried 
out using Darcy law with Forchheimer term which 
is as follows [22-24]:
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where parameter A in Equation 24 is an empirical 
function given by:
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To determine the permeability , the two 
following forms are used:

Figure 4. Velocity vectors in a duct including porous segment, 
450Re 

xL
.

(a)

(b)

Figure 5. (a) Vector field inside the porous medium, (b)
streamlines inside the porous medium, 9.0 .
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xj flow momentum in x direction

yj flow momentum in y direction

g
K gas thermal conductivity  ( CmW / )

p
K solid thermal conductivity  ( CmW / )

x
L length of the porous medium )(m

y
L height of the porous medium )(m

m moment
Nu Nussult number, gx khL

P non-dimensional pressure, 2
0

~
guP 

P
~ pressure )( pa

xxp diagonal component of the stress tensor

xyp off-diagonal component of the stress 
tensor

1P
dimensionless group, 

).(
0

yxucAhL gggx 

2P dimensionless group,
3

0g

L
K

T
x

p



3P dimensionless group, ).(3
0

yxTAhL gx 

4P dimensionless group, pxw kLh
p

5P dimensionless group,  gxw kLh
g

Pe Peclet number, gxggg kLcu
0



radq radiative heat flux  ( 2/ mW )

xq heat flux in x direction

yq heat flux in y direction

radQ
dimensionless radiative heat flux, 

4
0grad Tq 

r aspect ratio, yx LL

xLRe Reynolds number, xg Lu
0

pdRe Reynolds number, pg du
0

iŝ direction vector in RTE

T temperature ( C )

T ambient temperature ( C )

`0gT gas temperature at duct's inlet ( C )

gu velocity along x direction ( sm / )

0gu gas velocity at duct's inlet  ( sm / )

gv velocity along y direction ( sm / )


U non-dimensional x velocity, 
0guu



V non-dimensional y velocity, 
0guv

x
coordinate along the flow direction 

)(m

X non-dimensional length, yx LL

y coordinate perpendicular to the flow 
direction )(m

Greek Symbols

 particle velocity direction
 extinction coefficient, sa  
*


non-dimensional gradient operator,  

xL

x grid spacing along x-axis )(m
y grid spacing along y-axis )(m

x
 non-dimensional grid spacing along x-

axis, xLx

y
 non-dimensional grid spacing along y-

axis, xLy

t time step
x lattice spacing
 energy square
 emissivity

x non–dimensional x coordinate, xLx

y non–dimensional y coordinate,  xLy

 kinematical viscosity )( 2 sm
 porosity
 scattering phase function

g gas density )( 3 kgm

w wall reflection coefficient


Stephan-Boltzmann coefficient

)( 42Kmw

a absorption coefficient )( 1m

s scattering coefficient  )( 1m

pg ,
non–dimensional temperature,   

0, gTpgT

 non-dimensional relaxation time

0 optical thickness, xL

1 non-dimensional parameter, xaL





IJE Transactions A: Basics Vol. 24, No. 3, September 2011 - 319

21. Lim, C.Y., Shu, C., Niu, X.D. and Chew, Y.T., 
"Application of lattice Boltzmann to simulate micro 
channel flows", Physics of Fluids, Vol. 14, No. 7, 
(2002) 2299-2308.

22. Renken, K. and Poulikakos, D., "Experiment and 
analysis of forced convective heat transport in a packed 
bed of spheres", Int. J. Heat and Mass Transfer, Vol. 
31, No. 7 (1988), 1399-1408.

23. Chou, F.C. and Lien, W. Y., "Forced convection in a 
parallel plate channel filled with packed spheres", 
AIAA/ASME Thermo physics and Heat Transfer
Conference, HTD, Vol. 139, (1990), 57-64.

24. Rahimian, M.H. and Pourshaghaghy, A., "Direct 
simulation of forced convection flow in a parallel plate 

channel filled with porous media", Int. Comm. Heat 
Mass Transfer, Vol. 29, No. 6, (2002), 867- 878.

25. Ben Kheder, C., Cherif, B. and Sifaoui, M.S., 
"Numerical study of transient heat transfer in 
semitransparent porous medium", Renewable energy, 
Vol. 27, (2002), 543-560.

26. Modest, M.F., "Radiative Heat Transfer, McGraw-Hill, 
New York, U.S.A., (2003).

27. Talukdar, P., Mishra, S.C., Trimis, D. and Durst, F., 
"Heat transfer characteristics of a porous radiant burner 
under the influence of a 2-D radiation field", Journal of 
Quantitative Spectroscopy and Radiative Transfer,
Vol. 84, (2004), 527-537.


