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Thermal characteristics of a new type of multi-layered porous heat exchanger (PHE) are identified in the
present study. This system works based on the energy conversion between gas enthalpy and thermal
radiation. It has a five-layered structure consisting of two high temperature, two heat recovery and one
low temperature sections. These sections are separated from each other by four quartz glass windows.
In the two high temperature sections, the enthalpy of high temperature gas flow is converted to thermal
radiation that is emitted toward the three adjacent layers where the low temperature air flows are
effectively heated by the reverse conversion from thermal radiation into gas enthalpy. The gaseous
radiation is also considered, such that in each section, a transient theoretical analysis is conducted for a
one-dimensional system where convection, conduction and radiation take place simultaneously in both
gas and solid phases. The coupled energy equations for the gas flows and porous layers based on the
two-flux radiation model are solved numerically to identify the transient heat transfer characteristics of
the system. It is shown that this type of porous heat exchanger has a very high efficiency especially when
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the porous layers have high optical thicknesses.
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1. Introduction

Over the years, porous materials have been used in high tem-
perature systems [1,2]. Several researchers have explored the idea
of using high porous materials to capture waste heat from exhaust
gases by converting gas enthalpy to thermal radiation [3-5]. One
promising method for this energy recovery is to install a radiation
shield of porous media normal to the flow direction. A study by
Echigo [1] shows that with an appropriate choice of the permeable
media, up to 60% of the non-radiating gas energy can be saved.

The effect of gas radiation on the thermal characteristics of an
energy recovery system was studied by the first author [6]. In the
related paper, it was mentioned that the effect of gaseous radia-
tion is not always small if radiating gases such as carbon dioxide
or steam are contained in the working fluid, specially in high tem-
perature condition. In that work, the numerical solution of the
coupled energy equations for gas and solid phases was obtained
and the crucial influence of gaseous radiation on the system per-
formance was thoroughly explored.

One important property of a porous medium is to have a large
value of the surface to volume ratio. Considering this property and
based on the energy conversion process between flowing gas en-
thalpy and thermal radiation by porous medium, a new type of
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gas-to-gas heat exchanger has been developed by the first author
in the previous work [7]. This heat exchanger consists of three
porous media separated by two special glass walls, such that the
high temperature section is located between two recovery sections.
The principle of system’s operation is shown in Fig. 1. At the high
temperature section, the enthalpy of high temperature gas flow is
effectively converted into thermal radiation and the reverse con-
version process from thermal radiation into gas enthalpy takes
place in the recovery sections. In that study, the steady-state heat
transfer characteristics of the proposed heat exchanger was identi-
fied.

As a recent study, a series of experiments have been performed
by Tomimura et al. [8], to investigate the thermal behavior of a
newly proposed multi-layered type of gas-to-gas heat exchanger
using porous media. Experiments were done on two-, three- and
five-layered heat exchangers under steady condition. As a main
result, it was found that the optical thickness of about 8 for the
porous layers is enough to obtain sufficient heat recovery rate.

The purpose of the present study, which is follow up the pre-
vious work by the first author [7] and also the work of Ref. [8], is
to identify the detailed heat transfer characteristics of the newly
designed porous heat exchanger (PHE) including gas radiation ef-
fects.

The schematic outline of the system is shown in Fig. 2. This PHE
is similar to the gas-to-gas heat exchanger which was analyzed in
the previous work [7]. It has two high temperature (HT) sections
which are located between two heat recovery (HR) and one low
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Nomenclature
A surface area [% non-dimensional temperature
b back-scattered fraction factor 0; inlet ambient temperature
B incoming radiation 6o outlet ambient temperature
B’ non-dimensional incoming radiation o Stefan-Boltzmann constant
c specific heat o scattering coefficient
h heat transfer coefficient o absorbing coefficient
k effective thermal conductivity Op extinction coefficient, og + o5
l characteristic length of porous layer T optical depth, oex
L dimensionless group To optical thickness, oex)p
N number density of solid particles £ emissivity
Nrp g  dimensionless group w scattering albedo
Nup ;  dimensionless group ) porosity
NI dimensionless group r dimensionless group
Pt dimensionless group T* non-dimensional time
Pe Peclet number .
q radiative heat flux Subscripts
Q non-dimensional radiative heat flux g, p gas and porous, respectively
R dimensionless group ht high temperature section
Ro radius of duct hr heat recovery section
t time It low temperature section
Tpe porous and gas temperature n algebraic summation
Tgo gas temperature at duct’s inlet s solid phase
u velocity w wall
X coordinate along the flow direction 1,2 inlet and exit sections of porous layer
Xp thickness of porous layer i,o inlet and outlet
X non-dimensional coordinate .
o absorption coefficient Superscripts
P density +, — forward and backward directions
Weak emissive power Enthalpy of working Weak emissive power Outer wall
- . — L T Ambient
d e e temperature air
,ﬁf m%a R inlet
[ ]
Extremely high heat :'.' C ety
transfer c;oefficient j: - ﬁ
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Fig. 1. Effective energy conversion mechanism [1].

temperature (LT) section. These sections are separated from each
other by four quartz glass walls which quite transmit the incident
radiative heat flux. The energy conversion from gas enthalpy to
thermal radiation occurs in the two HT sections and the reverse
process takes place in the HR and LT sections.

In numerical simulation of the PHE, the convection, conduc-
tion and radiation heat transfers take place in both solid and gas
phases. It should be noted that the effect of gaseous radiation is
not always small if the working fluid contains radiating gases such
as carbon dioxide or steam, especially at high temperature condi-
tion. It is assumed that all of the five porous layers in the PHE are
perfectly similar to each other and have the same physical proper-
ties.

The governing equations at each section are two energy equa-
tions for the gas and solid phases and two radiative transfer equa-
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Fig. 2. Geometrical configuration of the porous heat exchanger.

tions. The set of equations are solved simultaneously by iterative
method to identify the thermal characteristics of the proposed
PHE. Besides, an attempt is made to examine the effect of gaseous
radiation on the thermal behavior of this heat exchanger.
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Fig. 3. Schematic sketch of an energy recovery system.

2. Theoretical analysis
2.1. A simple radiative converter system

In all of the sections, the same process which is the energy con-
version between gas enthalpy and thermal radiation takes place.
Therefore, in the theoretical analysis of each section in the PHE,
the governing equations and the numerical procedures are similar
to each other. Thereby, only the mathematical analysis of an energy
recovery system including a single layer in a duct is described here
for space saving.

As illustrated schematically in Fig. 3, when a high temperature
gas of Tgo flows through a duct, wherein a porous plate with ex-
tremely high porosity is installed, a large temperature drop AT,
occurs across the porous plate and a large amount of converted
radiant energy g~ (0) propagates to the upstream direction of the
gas flow.

To analyze the heat recovery system, a one-dimensional high
temperature fluid flow passing through a duct with radius Rg is
shown in Fig. 3. Fluid at temperature Tgo enters the duct at x=0
and the fluid velocity ug is assumed constant everywhere and the
temperature distribution Ty is uniform over every cross section
[1-6]. The porous segment which is assumed to be gray body is
located between x; and x; where (x; — X2) =Xy < Ro. Because of
the high temperature gas flow, the gaseous radiation is also con-
sidered into account. The effective heat transfer coefficient across
the duct wall is hy, i.e., heat exchange with the surrounding en-
vironment at T, is equal to hy (Tg — Too) per unit area. Incoming
radiative fluxes from the upstream and downstream sides towards
the porous layer are By and B, respectively.

2.1.1. Governing equations

Since, the solid and gas are not in local thermal equilibrium,
separate energy equations are needed to describe the heat transfer
in these two phases. The energy equations for gas and solid phases
(Egs. (1), (2)) along with the radiative heat flux equations based
on the two flux radiation model (Egs. (3), (4)) can be written as
follows [6,7]:

ATy OT,
¢ pgCg (7 R) (7 + ”gﬁ>

92T
:kg(nRg)aTZg — hsNsAg(mR3)(Tg — Tp)
- (ZHRO)hw(Tg —Txo)
9
+ag%( R3) — NsAs(TR3) (650 T — aga Tp) (1)

oT
(1 —=d)ppcp (”R%) a_tp

92T aq
=kp(TRG) 57 — (1 —ag) 2 (TRG)
— hsNsAg(TRE)(Tp — Tg)

+ NsAs(RG) (640 Tg — go Tp) (2)

dgt
j—x = —204q" — 2bosqt + 2040 Tg +2bosq™ (3)

d
—g—x =—20qq" —2bosq™ + 20,0 Tf,‘ +2bosq™ (4)

where

h=q"—q" (5)
and dq,/0x in gas and porous energy equations deals to the ra-
diation propagation happens in the x-direction. All variables in
Eqgs. (1) to (5) are defined in the Nomenclature. The governing

equations are non-dimensionalized by introducing the following
dimensionless parameters:

T = OeX w=2 B, = Biz
eAps O'e’ 1,2 O'Tgo
3
Q _ qn " UTgOt
n =
oTg PpCpXp
X CollgX
X=X  pe Pslsls¥
Ro ke
hsl NsAsxlzg
Npg=3 o =770
p.g
kp o0
NI=NugL,  Nrpg=-222
oT
g0
3
R spxpngo pr— hwXp
kp ’ kgoeRo
PpCp Tpg
F = 7, ep,g = Ti
Pglg g0

where, Pe is the Peclet number, Nug the Nusselt number, | the
characteristics length of porous medium (here, the radius of porous
layer), Nup and Nrj, are the Biot and Planck numbers, respectively.
Using the above dimensionless parameters, the non-dimensional
forms of the governing equations can be written as follows:

2
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96  I'Nrg | 09X X
=—=| —NI(lg — p) — 2Pt 10(8g — Hoo) (6)
aT* To 3Q
+agra—x" — I'L(gg0F — agby)
3y dQn  NrgNI Nrp 9%6,
A=y =y~ G =%+ 2 5%
+ L(egt — aghy) (7)
dQ+ 2 4 + b - +
I = PR20-o(f; - Q") +2b0(Q” - QN (8)
dQ~ 4 e b
——— =120 -w)(6, — Q™) +2bw(Q* - Q)] 9)
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2.1.2. Boundary conditions
To solve Eq. (6), the following initial and boundary conditions
are used.

(Og)r>0 =000 at T*=0

(Og)r=0 =050 atT* >0

90
(—g> =0 atT*>0
aX T=Tp

For the porous energy equation, two energy balances at the
entrance and exit sections give the following two boundary con-
ditions:

96
[—” =Nup(@p — ) + R(67 —9,.4)] (10)
X =0
[—% = Nup(©, — 6 )+R(64—94)] (11)
X - p\Yp g P 0
T=Tp

and as an initial condition, the following equation is used:
0p)r>0=06s atT*=0

Finally, for the two radiative transfer equations, the related
boundary conditions are as follows:

Q*(X1) =Bj (12)
Q™ (X2) = B) (13)

2.1.3. Solution strategy

Non-dimensional forms of the governing equations are solved
numerically to obtain the temperature and radiative heat flux
distributions along the porous layer. Eqs. (6) to (9) are coupled
through Q =, Q™ , 6 and 6, and have to be solved simultaneously.
The finite difference forms of the porous and gas energy equations
are obtained using central differencing for space derivative terms
where the error of discretization is the order of (AX)% and the
radiative heat flux equations are solved by the forth order Runge-
Kutta method. The sequence of calculations at each time step can
be stated as follows:

1. A first approximation for temperature and radiative flux distri-
butions is assumed.

2. The discretized form of the gas energy equation is solved by
the Thomas-Algorithm to calculate the value of 6, at each
nodal point.

3. The two radiative heat flux equations are solved by the Runge-
Kutta method to calculate the radiative flux distributions.

4, The porous energy equation (7) is solved to determine the
temperature of solid matrix.

Steps 2 to 4 are repeated until convergence is obtained. This con-
dition was assumed to have been achieved when the fractional
changes in the temperature and radiative flux between the two
consecutive iteration levels did not exceed 10~* at each grid point.
Numerical calculations were performed by writing a computer pro-
gram in FORTRAN. To obtain the grid-independent solution, the
optimum grids of 120 to 150 nodal points based on the optical
thickness 79 were used in the numerical analysis with the time
step of 1073,

2.2. The porous heat exchanger

As shown in Fig. 2, the porous heat exchanger has a five-layered
structure consisting of the HT1, HT2, HR1, HR2 and LT sections.
The porous layers in two high temperature sections convert the
enthalpy of high temperature gas flow to thermal radiation and in

three adjacent porous layers, the reverse conversion process from
thermal radiation into gas enthalpy takes place.

For theoretical analysis of this type of heat exchanger, the same
method which was used for a single porous layer in a duct can be
applied for each porous segment along with the following consid-
erations:

1. Each layer is analyzed individually such that, the one-dimen-
sional coordinate x as an axis along the flow direction is
considered for applying theoretical model and computational
method.

2. The temperature of inlet gas into the HT1, i.e, T4 is considered
as a reference temperature for all sections.

3. Each layer is located at the entrance of its duct, so the value
of x1 is equated to zero for all layers.

To solve the set of governing equations, the emitted radiations
Q (r =0) and Q" (7 = 19) from each layer behave as incident
radiations B; and B, to the adjacent layers in the PHE. Thereby,
at each time step, the coupled set of governing equations for
porous layers must be solved iteratively until the steady condition
is achieved. The sequence of calculations at each time step can be
summarized as follows:

1. A first approximation of incoming radiations B and B/, to the
HT1 and HT2 sections is assumed.

2. The coupled governing equations for the porous layers in HT1
and HT2 sections are solved to calculate the values of Q —,
Q™, 6y and 6, at each nodal point

3. To analyze the HR2 section, the value of B/ is equated to
emitted radiation Q T(7g) from HT2 (obtained from step 2)
multiply to the configuration factor between two adjacent lay-
ers. A similar procedure is also considered for the HR1 and LT
sections. It should be noted that the value of incident radia-
tion B} for both HR2 and LT sections is equal to zero. Because
it is assumed that there is not any considerable radiative heat
flux from the outer and insulated walls towards these sections.

4. By these computations, the incoming radiations B} and B/
which have been assumed in step 1 will be corrected.

5. Steps 2 and 3 are repeated until all calculated variables satisfy
certain imposed convergence criteria.

3. Validation of the computational results

In order to confirm the validity of the numerical results, a heat
recovery system as an unique and independent apparatus is ana-
lyzed in a test case and the numerical results in steady condition
are compared with theoretical predictions in Ref. [9]. In this sys-
tem, a large amount of incident radiation Bp is effectively con-
verted to gas enthalpy. This process is exactly opposite to that
shown in Fig. 3, in which the gas enthalpy is converted into ther-
mal radiation.

The steady-state gas and porous temperature distributions are
presented in Fig. 4. As this figure shows, the porous temperature
at inlet section increases sharply as a result of absorbing the in-
coming radiation and the low temperature gas flow is effectively
heated by convective heat transfer between gas and solid phases.
However, Fig. 4 shows a good consistency between the present re-
sults and those obtained theoretically in Ref. [9].

Since, the numerical results of Fig. 4 are in steady condition,
another test case is also analyzed to validate the transient com-
putational results and a comparison is made with the theoretical
and experimental data in Ref. [4]. The system under consideration
is a heat recovery system in which the gas enthalpy is converted
into thermal radiation as it was shown in Fig. 3. In the studies by



1590 S.A. Gandjalikhan Nassab, M. Maramisaran / International Journal of Thermal Sciences 48 (2009) 1586-1595

1200 ——m— T —— T T T

1100 |, — — — - Present work

1000 Ben Kheder et al.[9]

900
800

700

600

500

400

Temperature(°C)

300

200

100

% 0.05 0.1
x(m)

Fig. 4. Gas and porous temperature distributions along the porous media in steady
condition. 6, =1, B} =14152, B, =0, o =0, 1o =1, R=0.1, I' =3077, Pe =18,
NI = 45630, Nu, =8.18, Nr, =80, Nrg =0.32, Pt =0, ag = €4 =0.

1
\ =~ ) Present work
\ N — — — Theor. (Yoshida et al. [4])
\ / N = @ Expt. (Yoshida et al. [4])
0.8-\\ T=0.08 \
AW N
L\ ="
B \ \
06F \\ \
(=] i \ \\
B AN
o [ . N
- N N
04 N S
i A “_
02k T°=0.02
olo Ll L1 N IR R
0 0.2 0.4 0.6 0.8 1

Fig. 5. Time history of gas temperature inside the porous segment. 6o, = 0.3, B)
0.885, B, =0.006, @ =0, 7o =20, I" = 3120, Pe = 153, NI= 9120, Nrj =0, Nrg =
1.09, Pt =0, ag =& =0.

Yoshida et al. [4], experiments were performed in order to confirm
the validity of the theoretical analysis.

Fig. 5 shows the variation of gas temperature along the porous
layer at two different time steps. It can be seen that the gas tem-
perature decreases in the flow direction, especially at the entrance
of porous layer and in the initial time periods. However, this figure
shows a good consistency between theory and experiment.

4. Results and discussion

As illustrated schematically in Fig. 2, the thermal behavior of
the new type of five layered PHE which works based on the energy
conversion between gas enthalpy and thermal radiation is analyzed
here. All of the five layers have a same radius equal to Ry and the
spacing between two adjacent layers is equated to Rgp/4, which
gives the configuration factor of 0.8.

Four quartz glass windows are used for separating the porous
layers from each other. Since, the temperature of porous layers is
not too high, a great part of radiated energy from porous me-
dia lies in the range of long wavelength (infrared). It should be
noted that the range of wavelengths in thermal radiation is from
about 0.1 to 100 pm, therefore a special glass type as a Hoya R-
72 IR filter which passes completely the wave lengths of 720 nm
and above is a good choice for this application [7]. Regarding to
the high transparency of this glass type for thermal radiation, it is
assumed in the computations that the whole incident radiation to-
ward the glass walls are quit transmitted without any reflection,
absorption and emission.

There are many independent parameters in analyzing this PHE,
but it is possible to present only some results for a wide range
of conditions. The values of dimensional and non-dimensional pa-
rameters in the computations of the following results (Figs. 6 to 8)
have been given in Tables 1 and 2, respectively. The porous me-
dia is considered non-scattering, except in Fig. 10(a) in which the
effect of scattering is considered.

The gas and porous temperature profiles 0; and 6p, and also
the variation of radiative fluxes Q + and Q ~ along the layers with
70 = 1 at different five sections in steady condition are shown in
Fig. 6. It can be seen that in the HT1 and HT2 sections, the gas
enthalpy is converted into thermal radiation because of the sharp
temperature decrease in the gas flow. The porous layers in the HR
and LT sections are heated by absorbing the incoming radiations
from two HT sections and the low temperature air flow is effec-
tively heated in three steps by passing through HR2, HR1 and LT
sections, respectively.

It is seen that in all of sections, the gas and porous tempera-
tures are near to each other due to the large convection coefficient
with this reality that the gas temperature is greater than the tem-
perature of porous media in the HT1 and HT2 and the reverse
state is seen in the HR1, HR2 and LT sections. In this test case,
if the temperature of inlet working hot gas be equal to 1000 K,
this type of heat exchanger causes a temperature increase in air
flow of about 200 K. Therefore, this type of heat exchanger is very
useful for practical application as an efficient air heater. It should
be mentioned that in the computations of Fig. 6, the gas radiation
effect is neglected.

In order to show the transient behavior of the PHE along with
the effect of gas radiation, the gas temperature distributions in the
HT1 and LT sections are shown in Figs. 7(a) and 7(b) with and
without considering gas radiation and in several different times
from the start of the system’s operation up to the steady condi-
tion. A very sharp temperature decrease is seen in the initial time
period in the HT1 section. Therefore, this section behaves as a per-
fect insulator in the start of system’s operation by converting a
great amount of gas enthalpy into thermal radiation. In the time
periods near to steady condition, a decrease in the amount of gas
enthalpy drop is evident. Furthermore, it is seen that the gas radi-
ation causes a decrease in the enthalpy drop specially in the initial
time periods. In the LT section, an apposite behavior is seen from
Fig. 7(b), such that in the initial time periods, there is a small in-
crease in the air temperature and after spending some seconds, the
temperature increase in air flow enhances. Additionally, it is seen
that the gas radiation improves the LT performance by more in-
creasing the gas temperature inside this section in comparison to
the non-radiating condition.

The effect of gas radiation on thermal behavior of the PHE is
also shown in Fig. 8 by drawing the gas temperature and radiative
heat flux distributions along different sections in steady condition.
There is not a considerable effect of gas radiation on the tempera-
ture and radiative heat flux in steady condition, but the numerical
results indicates that the gas radiation effect causes a significant
decrease in the time of steady state.
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Fig. 6. Distribution of gas and porous temperatures and radiative heat flux inside the layers in steady condition. (a) HT1, (b) HT2, (c) HR2, (d) HR1, (e) LT.
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temperature distribution in the HT1 section. (b) Gas temperature distribution in the
LT section.

Fig. 9 shows an example of the inlet and outlet gas tempera-
tures in each section of the five-layered heat exchanger for 727 °C
(1000 K) level of Ty ;. Each section corresponds to the space
between the vertical lines which symbolically represents the sep-
arating wall, insulated wall and outer wall. The arrow represents
the flow directions of the high or low temperature gases in the
HT1, HT2, HR2, HR1 and LT sections. Numerical results show that
the maximum and minimum rates of heat transfer between porous
layer and gas flow take place in HT1 and HR2 sections, respectively.
Fig. 9 indicates that by increasing optical thickness, the tempera-
ture drop of incoming hot gas (Ty ;) where exits from the HT2
section, has been increased and the incoming cool air where fi-
nally exits from the LT section, has been recovered more heating
energy from heat exchanger. Thereby, using of porous layers with
large optical thicknesses in the PHE construction improves the sys-
tem performance. It should be mentioned that in the computations
of Fig. 9, the gas radiation effect is considered with &g =gz =0.1
and the values of non-dimensional parameters are the same as in
Table 2, except for the cases with 7o =2 and 7.

Table 1

The values of dimensional parameters.

Parameter Unit Value
Pp kg/m?> 1824
Pg kg/m3 12
Cp kJ/kg°C 0.594
cg KkJ/kg°C 1.28
ug m/s 64
kp W/m°C 0.813
kg W/m°C 0.133
hs W/m?°C 56
AsN; m~! 9.61 x 10°
Ro m 0.15
Xp m 0.011
Oe m~! 95
Tgo °C 727
Table 2

The values of non-dimensional parameters.

Parameters Values
O 0.3

T0 1

R 0.77
r 705
Pe 8.143
NI 489

L 7.75
Nrp 1.365
Nrg 0.22
Nup 10.33
Pt 0

¢ 0.95
ag=¢&g 0, 0.05, 0.1

Fig. 10 shows the effect of 79, @ and the inlet gas tempera-
ture Tgo on the PHE efficiency which is defined generally by the
following equation:

n = 21T HR1,HR2 MaCaATq (14)
mgcg(TgO —T)

Here, 1mq, Mg, ¢q and cg are the mass flow rate and the specific
heat at constant pressure of the air and gas flows, respectively.
AT, is the air temperature increase along HR1, HR2 and LT sec-
tions and Tgo is the inlet gas temperature into the HT1 section.
Since in the computations, the physical properties and velocity of
the gas and air flows are considered equal to each other, the di-
mensionless form of the above equations can be stated as follows:

7= >_r,HR1,HR2 AP (15)
(1 - 900)

It should be noted that in the computations of Fig. 10, the gas ra-
diation effect is considered with &; = oz = 0.1. It is seen from
Fig. 10(a) that the PHE efficiency increases by increasing the op-
tical thickness of porous layers such that the optical thickness of
about 3 seems enough to obtain the sufficient efficiency. The ef-
fect of radiative scattering on the PHE efficiency is also shown in
Fig. 10(a). It is seen that radiative scattering causes a decrease in
the efficiency of PHE specially for large optical thicknesses. The ef-
fect of T on the efficiency of PHE is also shown in Fig. 10(b). The
PHE efficiency increases when the temperature of inlet gas flow
into the HT1 section becomes very high especially in the case of
large optical thicknesses. However, it is seen from Fig. 10 that this
type of porous heat exchanger has a very high efficiency which is
higher than the conventional ones with the maximum efficiency of
about 25% [8].
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Fig. 8. Distribution of gas temperature and radiative heat flux inside the layers in steady condition. (a) HT1, (b) HT2, (c) HR2, (d) HR1, (e) LT.
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Fig. 10. Effect of 79, w and Ty on the PHE efficiency. (a) Variation of PHE efficiency with 7o at different values of w. (b) Variation of PHE efficiency with 7o at different

values of Tgo.

5. Conclusion

A numerical study has been performed on a new type of PHE to
identify the thermal characteristics of this system in transient con-
dition with considering the effect of gaseous radiation. The heat
exchanger works based on the energy conversion phenomena be-
tween gas enthalpy and thermal radiation by porous media. The
heat transfer behavior of the newly proposed PHE is investigated
by solving the governing equations in transient condition and the
two-flux model is used to describe the radiative fluxes from the
solid matrix. The crucial influence of gaseous radiation on ther-
mal behavior of the PHE is thoroughly explored. Results show that
the gas radiation does not have a considerable effect on the steady
state thermal behavior of PHE such that this effect is much more in
the starting time period of the system’s operation. Also, the effect

of gas radiation causes a significant decrease in the time to reach
steady state. However, computational results show a very high ef-
ficiency for this type of PHE specially, when the porous layers with
large optical thicknesses and small scattering coefficients are used
in the construction of this system.
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