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The effect of thermal radiation within a porous medium while incorporating local thermal

nonequilibrium (LTNE) is investigated in this work, with specific application to solar air

receivers. It is shown that the radiation effect is significant. The temperature distributions

for both solid and fluid phases are affected by conduction-radiation parameter N, the ratio

of solid to fluid phase conductivities f, and the interphase convection parameter H. The

limiting interactions between conduction and thermal radiation incorporating convection

are revealed. The impact of conduction and convection versus radiation is systematically

analyzed in this work and displayed through a number of contour maps.

1. INTRODUCTION

Porous media is widely utilized in many modern industrial applications
involving heat transfer processes, such as solar thermal utilization, nuclear waste
repository, heat pipes, combustion, heat transfer enhancement, etc. [1]. One area
of utilization is the receiver [2] of a central receiver system (CRS) in solar thermal
power plants due to the unique feature of silicon carbide (SiC) foam ceramic, such
as large specific area, high conductivity, and thermal shock resistance. In CRS, the
porous material receives the concentrated sunlight from the heliostat field and heats
up the pumped inlet air by convection and radiation.

Convective heat transfer processes in porous media, as well as the local thermal
nonequilibrium model incorporating the temperature difference between solid and
fluid phase has been discussed in the literature [3–5]. Variants within the porous
media transport models, including LTNE effects, has been analyzed by Amiri and
Vafai [6–8], and the effects of different boundary conditions were analyzed by Yang
and Vafai [9, 10], and Alazmi and Vafai [11]. Thermal radiation behavior in packed
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and fluidized beds should be taken into account when dealing with high temperatures
[12–14]. In this work, we need to utilize the governing equations which incorporate
convection coupled with thermal radiation in porous media. The impact of radiation
on conductive heat transfer in a packed bed and an open cell structure has been
analyzed by Singh and Kaviany [15, 16] and Zhao et al. [17, 18], respectively. On
the other hand, the radiative properties of porous structures have been obtained
by Hendricks et al. [19, 20] and Baillis et al. [21, 22].

The heat transfer characteristics affected by air velocity, porosity, pore diam-
eter and thickness in an air receiver was numerically analyzed by Bai et al. [23]
and Xu et al. [24], and later validated by Wu et al. [25]. Some experimental and
numerical investigations has been carried out to analyze the heat transfer efficiency
[26], flow stability [27, 28] of the receiver, and the convective heat transfer coefficient
of some typical materials with a porous structure [29, 30]. When the temperature of
the solid phase is high, the effect of radiation on the temperature distribution should
be taken into account simultaneously with conduction and convection processes.
Not much attention has been devoted to incorporate these processes for volumetric
air receivers. Hence, the purpose of this study is to understand the role of the thermal
radiation on convective heat transfer in porous media specifically for these types of

NOMENCLATURE

cp specific heat of fluid at constant

pressure, [J kg�1K�1]

F inertial coefficient

dp pore diameter, [m]

H interphase convection parameter

I direct normal solar irradiance,

[Wm�2]

hsf fluid-to-solid heat transfer coefficient,

[Wm�2K]

K permeability, [m2]

L thickness of a porous medium, [m]

Nw conduction-radiation parameter for

jump coefficient

N conduction-radiation parameter

N0 conduction-radiation parameter at

boundary

Nu Nusselt number

P pressure, [Pa]

Pe Peclet number

Pr Prandtl number

qin heat flux, [W=m�2]

qloss radiation heat loss, [W=m�2]

Q dimensionless incident heat flux

Rr ratio of radiation to conduction heat

flux

Re Reynolds number

T temperature, [K]

u velocity, [m=s]

V velocity vector [m s�1]

asf specific surface area of the porous

medium, [m�1]

e emissivity

u porosity

k thermal conductivity=wave length,

[Wm�1K�1]

l dynamic viscosity, [kgm�1 s�1]

b extinction coefficient, [m�1]

r Stefan-Boltzmann constant

h dimensionless temperature

f ratio of solid to fluid thermal

conductivities

q density, [kgm�3]

w jump coefficient

Subscripts

a average

c convective

e effective=environment

f fluid phase

g glass tube

i inlet

l local

m mean value

o outlet

r radiative

ref reference

s solid phase

w wall
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devices. In this work, the temperature fields for the solid matrix and fluid phases will
be analyzed while incorporating the local thermal non-equilibrium along with the
diffusion approximation. The effect of conduction-radiation parameter N, ratio of
solid to fluid conductivities f, and the interphase convection parameter H will be
discussed, respectively. Furthermore, the limiting interactions incorporating conduc-
tion, convection and thermal radiation will be discussed. Finally, the contour maps
for Nusselt numbers for a wide range of variations in the governing parameters, i.e.,
the conduction-radiation parameter, N, the ratio of solid to fluid conductivities, f
and the interphase convection parameter, H will be systematically analyzed.

2. MODEL DESCRIPTION

2.1. Physical Model and Assumptions

Two types of air receivers are usually considered. One type has a closed cavity
cooled by pressurized air. The advantage of this type is the attainment of higher
temperatures with lesser radiation losses. However, the secondary reflector and glass
window make it quite difficult to maintain this process. The second type, referred to
as open-loop volumetric receiver is usually composed of many small modules and
the concentrated flux is imposed on the receiver’s surface which is cooled directly
by the pumped air. Figure 1 shows the schematic structure of a SiC ceramic foam
air receiver. As can be seen the receiver’s surface area (y direction) is much larger
than its thickness (x direction). As such a one dimensional approximation in the
direction of the thickness is invoked. We will also assume that the solid matrix is
homogeneous and isotropic, and the variations of the thermal properties of solid
and fluid phases are neglected. Furthermore, the flow is considered to be steady
and fully developed.

2.2. Mathematical Model

2.2.1. Governing equations. The governing equations incorporating the
LTNE model and local volume average method are given in Eqs. (1)–(4) [3–11].

Figure 1. (a) Back of 1MW air receiver test module in Beijing, and (b) schematic of the SiC ceramic foams

air receiver.
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Continuum equation

r � hVi ¼ 0 ð1Þ

Momentum equation

qf
u

V � rð ÞVh i ¼
lf
u
r2hVi � r Ph if�

lf
K

hVi �
qf Fuffiffiffiffi

K
p hVi � hVi�J½ ð2Þ

Energy equations for the fluid and solid phases

qcp
� �

f
hVi � r Tf

� �
¼ r kfe � r Tf

� �� �
þ hsf asf Tsh i � Tf

� �� �
ð3Þ

0 ¼ r � kse � r Tsh i � qrð Þ � hsf asf Tsh i � Tf

� �� �
ð4Þ

where hPif is the gauge pressure and the local volume average of a quantity U can be

defined as Uh i � 1
Vf

R
Vf

UdV , and J is a unit vector oriented along the velocity vector.

2.2.2. Radiation transfer. For most porous media utilized in industry, the
ratio of the minimum dimension L to pore diameter dp is substantially larger than
10, and the ratio of dp to the wavelength k is also large enough to be treated as a
continuum [1]. The optical thickness s is defined as follows.

s ¼ bL ð5Þ

Where b is the extinction coefficient. For the SiC foam material used in the air
receiver, s is much larger than 10; consequently, the diffusion approximation [14,
31] will be applied to address the radiation transfer since the porous matrix can
be considered to be optically thick. Here, we assume isotropic scattering and
absorbing over the entire wave length band. As such the radiative flux can be
expressed as follows.

qr ¼ � 16r Tsh ið Þ3

3b
r Tsh i ð6Þ

Using Eq. (6) in Eq. (4) the energy equation for the solid phase can be presented as
follows.

0 ¼ r 16r Tsh i3

3b
þ kse

 !
� r Tsh i

 !
� hsf asf Tsh i � Tf

� �� �
ð7Þ

2.2.3. Boundary conditions. The incident radiation flux qin which is concen-
trated by a heliostat field, can be presented by the following.

qin ¼ 1MW=m2 ð8Þ
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The heat flux at the boundary of the solid phase is considered as a surface
phenomenon since we have an optically thick medium. Radiation heat loss between
the receiver’s surface and environment can be represented by the following.

qloss ¼ re Ts;in

� �4� Teh i4
� �

ð9Þ

The temperature of the inlet fluid, Tf,in is the same as the environment tempera-
ture Te, which is taken as follows.

Tf ;in ¼ Te ¼ 300K ð10Þ

When using the diffusion approximation when only the radiation process is
taken into account, a jump boundary condition is usually utilized to connect the
local radiative flux and emissive power gradient in the medium near the bounding
surface [31]. For combined conduction-radiation, a similar concept is introduced:
the jump boundary condition is given in terms of the jump coefficient w, which is
a function of the conduction-radiation parameter Nw [32, 33].

W Nwð Þ ¼
r Twh i4� Ts x!0ð Þ

� �4� �
qr;w

ð11Þ

Where the conduction-radiation parameter Nw can be expressed as follows.

Nw ¼ kseb
�
4r Twh i3 ð12Þ

Meanwhile, the radiative flux qr,w under diffusion assumption can be expressed as
follows.

qr;w ¼ � 16r Twh i3

3b
d Tsh i
dx

				
w

¼ qin

3b 16r 3bþ kse Twh i3
..� �. ð13Þ

Combing the expression of the qr,w, i.e., Eqs. (11) and (13). After linearizing it
can be represented as follows.

4W
3

qin ¼
4r
3

Twh i4� Ts x!0ð Þ
� �4� �

þ kseb Twh i � Ts x!0ð Þ
� �� �

ð14Þ

For the outlet boundary, an adiabatic boundary condition is used as follows.

q Tsh i
qx

¼ 0 ð15Þ

q Tf

� �
qx

¼ 0 ð16Þ
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2.2.4. Normalization. The governing equations are nondimensionalized
by introducing dimensionless variables. As such, the nondimensionalized energy
equations for the fluid and solid phase can be represented as follows.

Pe
qhf
@X

¼ q2hf
qX 2

þH hf � hs
� �

ð17Þ

0 ¼ q
qX

Nh3s þ n
� � qhs

qX


 �
þH hf � hs

� �
ð18Þ

Where,

N ¼
16rT3

ref

3bkfe
; N0 ¼

erLT3
ref

kfe
; Q ¼ qL

Tref kfe
; f ¼ kse

kfe
; X ¼ x

L

H ¼ hsf asf L2

kfe
;Re ¼ quL

l
;Pr ¼ cpl

kfe
;Pe ¼ RePr; Tref ¼ Te;

hs ¼
Ts

Tref
; hf ¼

Tf

Tref
; he ¼ 1

The boundary conditions, including Eq. (14), in dimensionless form can be repre-
sented as follows.

B.C.1: X¼ 0:

hf ¼ 1 ð19Þ

0 ¼ � Nh3s þ 1
� � qhs

qX
þN0 h4s � h4e

� �
�Q ð20Þ

W Q�N0 h4w � h4e
� �� �

¼ N0 h4w � h4s X!0ð Þ

� �
þ 3ns

4
hw � hs X!0ð Þ
� �

ð21Þ

B.C.2: X¼XL:

qhf
qX

¼ qhs
qX

¼ 0 ð22Þ

3. NUMERICAL PROCEDURE

Using a finite volume method, Eqs. (17)–(22) are discretized using a SIMPLE
algorithm [34]. The discretization scheme, is based on a uniform grid set up and a
cell centered scheme, as shown in Figure 2. Furthermore, first order upwind differ-
encing method is employed to discretize the convective terms. The convergence is
considered to have been reached when the relative variation of temperature between
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consecutive iterations is smaller than 10�8 for all the grid points in the computational
domain.

Table 1 presents the results of one of our grid independent studies. We had
utilized a set of Ng¼ 50, 100, 200, and 300 points in the x direction. It can be seen
that the maximum error in the average Nusselt number and average temperature
of fluid and solid phases is about 0.109% for a Ng¼ 200. As such, Ng¼ 200 is
considered to provide grid independent results.

To further validate our results we have compared the results from our own
FVM code with the results obtained using a FEM commercial code (COMSOL)
[35], while both convection and radiation were included. Excellent agreement was
observed for all cases shown in Table 2 and displayed in Figure 3.

4. RESULTS AND DISCUSSION

Figure 4 depicts the solid and fluid phase temperature distributions for differ-
ent values of conduction-radiation parameter, N along the X direction. It can be
seen, that the temperature gradient decreases for the solid phase but increases
for the fluid phase when N increases from 0.1 to 10. An increase in the
conduction-radiation parameter, N translates into an increase in the total conduc-
tivity of the solid phase based on the diffusion approximation. Consequently, the

Figure 2. Grid system using the cell centered scheme finite volume method.

Table 1. Typical grid independence study performed in our investigation: N¼ 1,

H¼ 105, Pe¼ 104, f¼ 103

Ng Nuf,a Nusc,a Nusr,a hf,a hs,a

50 0.825785 0.284531 0.1592 5.68 6.18

100 0.9368 0.288744 0.1658 5.667 6.167

200 0.988979 0.290172 0.1692 5.663 6.163

300 1.001174 0.290889 0.1693 5.662 6.162

Table 2. Test cases for the dimensionless model

Q N Pe H f

Case 1 1�104 0.1 1�103 104 103

Case 2 1�104 1 104 104 103

Case 3 5�104 10 5�103 104 104

Case 4 5�104 0 104 104 104
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solid temperature gradient decreases as N increases. In addition, the result of a
traditional LTNE model without incorporating the radiation effect is also included
in Figure 4 (N¼ 0).

As expected when the Peclet number Pe and the interphase convective para-
meter H increase, convection increases, resulting in larger temperature gradients.
The effect of the conduction-radiation parameter, N diminishes at larger values of
the Pe and H, as can be seen by comparing Figures 4a and 4b.

As the ratio of solid to fluid conductivity, f increases, the solid temperature
gradient decreases substantially. This can be seen when comparing Figures 4a and
4c. Furthermore, as expected, for larger values of Pe, H, and f the effect of
conduction-radiation parameter N is highly diminished, as seen in Figure 4d.

Thermal efficiency is an important parameter for the high temperature air
receiver, an effective way to increase the efficiency is to reduce the radiation heat loss

Figure 3. Comparison of numerical results between our FVM developed code and a commercial FEM

code (COMSOL).
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at the surface of receiver. For example, a high transparency quartz glass structure
can be used as a cover to maximize the radiation input while reducing the losses
[36]. Thermodynamically, the higher the HTF outlet temperature, the higher the
overall power plant performance will be. Consequently, it is worth noting from
studying the presented overall temperature distributions, that the changes in the
conduction-radiation parameter, N substantially influences the entrance temperature
of the solid phase hs,i and the outlet temperature of the fluid hf,o. To examine the
significance of this trend, the contour maps for hs,i and hf,o for a wide range of H
and N with a constant Pe¼ 103 is presented in Figure 5. It can be seen that when
H is constant, hs,i decreases while hf,o increases with an increase in N, leading to
an improvement in the thermal efficiency. This trend becomes more apparent for
lower values of f, as can be seen in Figures 5b and 5d. Our results show that decreas-
ing the extinction coefficient of the porous matrix without changing the other
properties will improve the thermal performance of the air receiver.

The local Nusselt numbers, Nul for both phases are defined as follows.

Nuf ¼
L

hmf
� he

dhf
dX

ð23Þ

Figure 4. Effect of conduction-radiation parameter N on the temperature distribution along the flow

direction: (a) Pe¼ 103, H¼ 104, f¼ 102; (b) Pe¼ 104, H¼ 105, f¼ 102; (c) Pe¼ 103, H¼ 104, f¼ 103; (d)

Pe¼ 104, H¼ 105, f¼ 103.
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Nusr ¼
RL

hms
� he

dhs
dX

ð24Þ

Nusc ¼
1� Rð ÞL
hms

� he

dhs
dX

ð25Þ

where R is defined as follows.

R ¼ Nh3s
Nh3s þ f

ð26Þ

hms, hmf are the average temperature values along the X direction and are defined as
follows.

hmf
¼
RXL

0 hf dX

XL
ð27Þ

hms
¼
RXL

0 hsdX

XL
ð28Þ

Figure 5. Effect of interphase convection parameter H and conduction–radiation parameter, N on (a), (b)

the entrance temperature of the solid phase, hs,i; (c), (d) the outlet temperature of the fluid phase hf,o.
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It should be noted that Nuf represents the effect of convection between two
phases; however, Nusr and Nusc express the conduction and radiation in the X direc-
tion in the solid phase, respectively. The effect of conduction-radiation parameter N
on the local Nusselt number is shown in Figure 6. It can be seen that Nuf, Nusc, and
Nusr all decrease along the X direction, and that Nusc decreases and Nusr increases

Figure 6. Effect of conduction-radiation parameter N on (a) Nuf, (b) Nusc, (c) Nusr for Pe¼ 103, H¼ 104,

and f¼ 103.
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sharply as N increases, while the change of Nuf is relatively minor. The effect of ratio
of solid to fluid conductivities, f on Nuf, Nusc, and Nusr is shown in Figure 7 for
Pe¼ 103, H¼ 104, and N¼ 1. As it can be seen, variations in f have a minimal effect
on Nuf, while Nusc increases and Nusr decreases sharply as f increases. Generally, the

Figure 7. Effect of solid to fluid conductivity ratio f on (a) Nuf, (b) Nusc, (c) Nusr for Pe¼ 103, H¼ 104,

f¼ 103, and N¼ 1.
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limiting interactions between conduction and radiation incorporating convection can
be observed from Figures 4–7.

To gain additional insight with respect to the impact of the radiation on the
overall energy transport we introduce Rr, the ratio of Nur,a to the summation of
Nuc,a and Nur,a, as follows.

Rr ¼
Nur;a

Nur;a þNuc;a
ð29Þ

Where the average Nusselt numbers Nur,a and Nuc,a over the thickness of the
receiver are expressed as follows.

Nur;a ¼
R
XL

NusrdX

XL
ð30Þ

Figure 8. Effect of the solid to fluid conductivity ratio f and conduction-radiation parameter N on Rr for

(a) Pe¼ 103 and H¼ 104, and (b) Pe¼ 104, and H¼ 105.
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Nuc;a ¼
R
XL

NuscdX

XL
ð31Þ

It should be noted, that Rr represents the average percentage of energy trans-
ported by thermal radiation, the variation of Rr as a function of N and f is displayed
in Figure 8. As can be seen, Rr increases with an increase in N, but it decreases with
an increase in f. An increase in convection results in a relatively lower value of Rr, as
can be seen in Figure 8b.

The effect of variations in N and f on Nuc,a, Nur,a is shown in Figure 9. As it
can be seen Nuc,a decreases with an increase in N at a constant value of f; however, it
first increases and then decreases with an increase in f at a constant N. Likewise,
Nur,a decreases with an increase in f when N is constant, but it first increases and
then decreases with an increase of N at a constant f. Generally, the impact of N

Figure 9. Effect of variation in conduction-radiation parameterN and solid to fluid conductivity ratio f on
(a) Nuc,a, and (b) Nur,a for Pe¼ 103 and H¼ 104.
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on Nuc,a and that of f on Nur,a is monotonic. In contrast, the impact of N on Nur,a
and that of f on Nuc,a is non-monotonic. The reason for this behavior can be traced
to Eqs. (24)–(31); that is, an increase in N results in an increase in R, while the
temperature gradient decreases simultaneously, consequently, leading to the creation
of a maxima. That is, the radiation heat flux has a peak value within the range of
variations of the conduction-radiation parameter N.

The contour maps for Nuc,a, Nur,a distributions in terms of parameters H and
N are displayed in Figure 10. It is interesting to note that an extreme value appears
again when H increases at constant value of N. This phenomenon is based on the
non-monotonic effect of H on the temperature gradient; that is, as the strength of
convection increases, the rate of change of the temperature in front of the solid phase
is slow at first and then it becomes faster, however for the lower temperature area at
the end, the rate of change is fast at first and then it slows down. As a result, the
temperature gradient in the X direction increases at first and then it decreases. This

Figure 10. Effect of interphase convection parameter H and conduction-radiation parameter N on

(a) Nuc,a and (b) Nur,a for Pe¼ 103 and f¼ 102.
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result affirms the presence of an extreme for the thermal radiative and conductive
energy transport in the presence of convection.

5. CONCLUSION

The effect of thermal radiation in a porous medium in the presence of local
thermal nonequilibrium convection for a solar air receiver is analyzed in this work.
The following conclusions can be drawn based on our analysis.

1. The temperature gradient decreases for the solid phase and increases for the fluid
phase with an increase in the conduction-radiation parameters N from 0.1 to 10.
An increase in conduction decreases the temperature gradient of the solid phase
while an increase in convection decreases it.

2. The conduction-radiation parameter N substantially affects the entrance tempera-
ture of the solid phase hs,i and outlet temperature of the fluid hf,o. hs,i decreases
and hf,o increases with an increase in N at a constant value of H.

3. Variations in N and f have a negligible effect on Nuf, while its effect on Nusc and
Nusr are in the opposite directions. Rr which represents the average percentage of
energy transported by thermal radiation increases with an increase in N, while it
decreases with an increase in f. An increase in convection results in a relatively
lower value of Rr.

4. An increase in the conduction-radiation parameter N results in an increase in R,
while the temperature gradient decreases. As such Nur,a possess a maxima point.
That is the radiation heat flux has a peak at a corresponding value of N. When
considering the effect of f on Nuc,a, a similar mechanism is established.

5. A maximum point also appears as H increases at a constant value of N. The
reason for this phenomenon is that effect of H on temperature gradient is non-
monotonic; that is, as convection increases, the rate of change of temperature
for the local temperature is affected. This result confirms that there must be a
maxima point for the thermal radiative and conductive energy transport at a
corresponding value of H while incorporating the convective heat transfer.
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