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a b s t r a c t

Using porous materials has become an effective means to enhance heat transfer. Volumetric receiver is a
key component inside the solar thermal systems. The novel concept using double-layer ceramic foam
holds great potential for improving the efficiency. The current study aims to investigate the effects of geo-
metric properties of each porous layer on the thermal performance. The local thermal non-equilibrium
model is adopted for energy equations of the fluid and solid phases. Radiative transfer in the foam com-
bined the concentrated solar radiation absorption is solved with the modified P1 approximation. The
results indicate that the thickness of the first porous layer has significant effect on the temperature field
and pressure drop. Compared with the increasing-porosity configuration, the decreasing-porosity config-
uration tends to achieve higher air outlet temperature and lower solid inlet temperature. In addition, the
increasing design of mean cell size shows improved performance compared to the decreasing design.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Volumetric receivers with high-porosity materials appear to be
the best alternative to tube receivers and are widely used in solar
thermal utilization, such as hydrogen production and electricity
generation [1]. Due to the low bulk density, large specific surface
and high permeability, ceramic foams have been regarded as the
promising materials [2]. A good receiver produces the so-called
volumetric effect, which means that lower temperature could be
found at the front surface in comparison with the outlet of receiver
[3]. Additionally, solar-to-thermal efficiency and its influencing
factors are crucial to the entire system [4]. An efficient solar recei-
ver is characterized by both higher outlet temperature of the work-
ing fluid to give higher efficiency and lower maximum
temperature to avoid the destruction of material [2]. Analysis of
the complex coupled heat transfer in the porous structure has
shown to be virtually significant in the optimal design of config-
uration, which has attracted a great deal of interest [5].

Several studies have been done to predict the thermal behavior
of solar receiver with a single layer of porous media. Becker et al.
[6] investigated the heat transfer performance and flow stability
in porous material theoretically and numerically. A one-dimen-
sional model was presented by Bai [7] to elucidate the influence
of air velocity, porosity, pore diameter and thickness on the

performance of porous media receiver. The numerical heat and
mass transfer analyses with preferable volume convection heat
transfer coefficient were conducted by Xu et al. [8]. Using local
thermal non-equilibrium (LTNE) model with P1 approximation,
the steady temperature distributions of solar air receiver were
simulated by Wu et al. [9]. A fully coupled transient model was
then built by Wu and Wang [10]. Analytical solution of the com-
bined heat transfer within the receiver with Rosseland approx-
imation and LTNE model was developed by Sano et al. [11]. The
effect of thermal radiation in porous media in the presence of
LTNE convection for a solar air receiver was analyzed by Wang
et al. [12]. The impacts of variation in heat transfer model and
thermophysical characteristics model of gas mixture on thermal
performance were studied by Wang et al. [13]. Furthermore, some
researchers developed the Monte Carlo Ray Tracing (MCRT) and
Finite Volume Method (FVM) coupling method to study the heat
transfer characteristics [14]. MCRT was used to simulate the trans-
port of solar radiation [15]. Numerical study of a parabolic trough
receiver was performed by Wu et al. using the MCRT and FVM cou-
pling method [16]. Most of the previous investigations mainly
focus on the effects of geometric parameters, thermophysical prop-
erties and operating parameters on the temperature difference
between the fluid and solid matrix, rather than how to obtain a
practically applicable optimal design.

Meanwhile, different porous materials have been tested and
Fend et al. [17] reported that double-layer ceramic foam shows
improved performance compared to a single layer material. The
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approach combining two foam materials of different cell density
was proposed in their experimental research. This concept of
multi-layer can also be found in the research fields of transpiration
cooling and combustion [18]. Various gradual- and constant-poros-
ity configurations were numerically studied with local thermal
equilibrium (LTE) model by Roldán et al. [19]. Besides, the radiative
transfer in the porous media due to high temperature is not taken
into account in their study. However, thermal radiation plays a
dominant role in the heat transfer when the porous is in a high
temperature environment [20]. This type of volumetric receiver
consists of several parts with different porous structure. The varia-
tion in structural parameters of each layer may have a strong
impact on the flow and thermal behavior, which needs a compre-
hensive investigation.

The flow and heat transfer simulation of a solar receiver with
double-layer ceramic foam is performed in this study. Radiative
heat transfer is computed with the modified P1 approximation,
and the LTNE model is used to calculate the fluid and solid tem-
perature distributions [21]. The effects of geometric parameters
of each porous layer on the thermal performance are mainly
discussed.

2. Solar receiver description

As shown in Fig. 1, the solar receiver consists of a cylindrical
chamber (L = 0.04 m, R = 0.02 m) that contains two layers of porous
ceramic structure. The front surface is subjected to concentrated
solar radiation. Solar energy is absorbed in the ceramic foam
gradually along the axial direction. The absorbed heat is trans-
ferred to the air stream when air passes through the ceramic foam.
If strong attenuation of solar radiation occurs in the first layer, the
solid matrix may reach a high temperature, which leads to local
overheating. Otherwise, solar radiation penetrates deeper into
the receiver causing a gradual temperature rise. Therefore, an opti-
mized combination of geometric properties as well as material
properties is necessary.

3. Mathematical model

The numerical model of combined flow and heat transfer in the
solar receiver is based on several assumptions: (1) the air flow is
steady and incompressible, (2) the properties of ceramic foam in
each layer are constant and homogeneous and the thermal contact
resistance between them is neglected, (3) the foam is considered as
a gray, optically thick, absorbing, emitting and isotropic scattering
medium, and (4) lateral walls of solar receiver are well adiabatic.

3.1. Governing equations

3.1.1. Mass conservation equation

r � ðqf V
!
Þ ¼ 0 ð1Þ

where qf denotes the fluid density and V
!

is the superficial velocity.

3.1.2. Momentum conservation equation
Flow in porous media is modeled by adding a momentum

source term to the standard fluid flow equations, which can be
deduced and written as [22]:
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In this equation, p represents the pressure of fluid, lf is the dynamic

viscosity, / is the porosity, and F
!

denotes the pressure drop result-
ing from porous media. For homogenous porous media, it can be
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, where K1 and K2 are the

permeability and inertial coefficient respectively. The model pro-
posed by Wu et al. [23] is used here. The relationships to describe
the two parameters are K1 = d2/(1039 � 1002/) and K2 = d/
(0.5138/�5.739), where d is the mean cell size. The correlations are
valid for 0.66 < / < 0.93, 10 < Re < 400 (Re = qfud/lf) and a cross-sec-
tion of the pore channel that approaches a circle.

3.1.3. Energy equation
The LTNE model is employed to represent the energy transport

within porous media [24]. For the fluid phase:

r � ðqf cp V
!

Tf Þ ¼ r � ðkferTf Þ þ hvðTs � Tf Þ ð3Þ

For the solid phase:

0 ¼ r � ðkserTsÞ þ hvðTf � TsÞ � r �~qr ð4Þ

where Tf and Ts are the fluid phase and solid phase temperature
respectively, cp is the specific heat of fluid, r �~qr is the volumetric
heat source term due to radiation. kfe and kse are the effective ther-
mal conductivity of the fluid phase and solid phase respectively,
which could be determined using the Schuetz–Glicksman empirical
formulas [25]:

kfe ¼ /kf ð5Þ

Fig. 1. Schematic of solar receiver with double-layer ceramic foam.
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