


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
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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
chosen  0.09x0.03 m?
(lenghtx height) and obstacle size (d,) was 0.4

the channel were

mm (4-lattice unit). Calculations were performed
using 900x300 lattice nodes for Re , =450.

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 (—dP/dX) along the
porous medium was compared with the results of
other investigators. In order to calculate
(-dP/dX), 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

j max

2P
=t

P= (23)

j max

In addition, Pressure drop computations are carried
out using Darcy law with Forchheimer term which
is as follows [22-24]:

—Vﬁz%ugo +Aplg, (24)

where parameter A in Equation 24 is an empirical
function given by:

A L750-9)

#d,
To determine the permeabilityx, the two
following forms are used:

(25)
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Figure 4. Velocity vectors in a duct including porous segment,

ReL =450.
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Figure 5. (a) Vector field inside the porous medium, (b)
streamlines inside the porous medium, ¢ = 0.9 .
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jx flow momentum in x direction Vy velocity along y direction (m/s)

jy flow momentum in y direction 0 non-dimensional x velocity, U / Ug,

K g gas thermal conductivity (W /m°C) v non-dimensional y velocity, V/ Ug,

K P solid thermal conductivity (W /me°C) C((r)r(]); dinate along the flow direction
LX length of the porous medium (m) X non-dimensional length, L, /L,

L height of the porous medium (m) y cc.>ord%nate perpendicular to the flow

y direction (M)

m moment

Greek Symbols
Nu Nussult number, hL, /k,

di . nal ~r 5 a particle velocity direction
non-dimensionat pressure, P/ Pg, B extinction coefficient, o, + O,
P pressure (pa) * non-dimensional ~ gradient  operator,
Pix diagonal component of the stress tensor \Y% L,V
off-diagonal component of the stress AX grid spacing along x-axis (M)
Py tensor
. . A rid spacing along y-axis (M
p dimensionless group, y & p g lg y. ( ) ) 1
: LA/ pyCqig, (AXAY) A nop—dunenswna grid spacing along x-
0 T axis, ALy
) ) K % A non-dimensional grid spacing along y-
P, dimensionless group, - > 7y axis, Ayl
P di ionl th/: T2 (AXA time step
A imensionless group, hL, / oTg, (AXAy) 5K lattice spacing
P, dimensionless group, h,, Ly / Kp & energy square
P, dimensionless group, h,, L, /kq € emIssIVity
! 1, non—dimensional x coordinate, x/L,
Pe Peclet number, pgug oLy /kg
ny non—dimensional y coordinate, y/L,
Orag radiative heat flux (wW/m?) ) , o )
' o v kinematical viscosity (M / S)
a, heat flux in x direction .
¢ porosity
qy heat flux in y direction ® scattering phase function
o dimensionless radiative heat flux, Py gas density (m3/kg)
rad 4
Orad / oTg, Puw wall reflection coefficient
r aspect ratio, L/L, Stephan-Boltzmann coefficient
Re,  Reynolds number, ug L, /v d (w/m?K*)
Rey  Reynolds number, ug d, Jv o, absorption coefficient (m™)
S, direction vector in RTE o, scattering coefficient (m™")
T temperature (°C ) 9 non—dimensional temperature,
T, ambient temperature (°C ) or Ty p / T 0
Tgo, gas temperature at duct's inlet (°C ) T non-dimensional relaxation time
U, velocity along x direction (m/s) Ty optical thickness, AL,
Ug, gas velocity at duct's inlet (m/s) T non-dimensional parameter, oL,
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