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Abstract: Reticulate porous ceramic reactors use foam-type absorbers in their operation which
must fulfill two essential functions: favoring the volumetric effect and increasing the mass and
heat transfer by acting as a support for the reactive materials. Heating these absorbers with highly
inhomogeneous concentrate irradiation induces high thermal gradients that affect their thermal
performance. Owing to the critical function of these component in the reactor, it is necessary to define
a selection criterion for the foam-type absorbers. In this work, we performed an experimental and
numerical thermal analysis of three partially stabilized zirconia (PSZ) foam-type absorbers with pore
density of 10, 20, and 30 PPI (pores per inch) used as a volumetric absorber. A numerical model and
an analytical approximation were developed to reproduce experimental results, and calculate the
thermal conductivity, as well as volumetric heat transfer coefficient. The results show that an increase
in pore density leads to an increase in the temperature difference between the irradiated face and the
rear face of the absorber, this occurs because when pore density increases the concentrated energy no
longer penetrates in the deepest space of the absorber and energy is absorbed in areas close to the
surface; therefore, temperature gradients are created within the porous medium. The opposite effect
occurs when the airflow rate increases; the temperature gradient between the irradiated face and the
rear face is reduced. This behavior is more noticeable at low pore densities, but at high pore densities,
the effect is less relevant because the internal structure of porous absorbers with high pore density is
more complex, which offers obstructions or physical barriers to airflow and thermal barriers to heat
transfer. When the steady state is reached, the temperature difference between the two faces of the
absorber remains constant if the concentrate irradiation changes slightly, even changing the airflow
rate. The results obtained in this work allow us to establish a selection criterion for porous absorbers
that operate within solar reactors; this criterion is based on knowledge of the physical properties of
the porous absorber, the environment, the working conditions, and the results expected.

Keywords: PSZ porous absorber; volumetric heat transfer coefficient; volumetric effect; heat
transfer model

1. Introduction

The drawbacks of direct water thermolysis to obtain hydrogen prompted the investi-
gation of thermochemical cycles to produce solar fuels. The study of these cycles began in
the early 1960s with a project called Energy Depot [1]. The first proposed cycles consisted
of several steps, which became very complicated for practical solar applications [2]. An
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alternative arose from developing two-step cycles, which became more straightforward
and more efficient [3]. Various reactors’ configurations were developed to operate the ther-
mochemical cycle using concentrated solar radiation as an energy source. These so-called
solar reactors are commonly categorized based on how they interact with redox material [4]
and solar radiation [5] and various reactors’ configurations were developed to operate
using concentrated solar radiation as an energy source [6–8]. This work considers a cavity
reactor [9], with a foam-type absorber standing out for its simplicity and robustness due
to the lack of mobile components. The redox material is supported on a porous ceramic
structure, acting as a volumetric absorber [10]. The absorber is of great importance, as
it provides a high surface area per unit volume [11], favoring mass transfer between the
solid redox material and the reactive gas. Foam-type absorbers have shown promising
results in absorbing concentrated solar radiation and yielding adequate temperature dis-
tribution in their structure [12,13]. Moreover, they stand out for having a much lower
cost than honeycomb structures based on silicon carbide (Si–SiC and SiC) and superior
resistance to high temperatures, thermal shocks, and chemical corrosion [14–17]. These
absorbers have also been considered in solar tower power plants for heating gases as
working fluid in a thermodynamic cycle [18,19]. This application demands receivers to be
subject to high irradiance levels, good internal convection, mechanical durability, and low
cost. Reported studies of these systems include experimental thermal tests, analytical and
numerical heat transfer models [20–24]. Analysis has generally focused on determining the
thermal efficiency achieved and the high absorption of radiation on passing through the
porous absorber structure [25–28]. To date, different configurations of reactors have been
proposed, where different types of porous absorber structure have been tested [14,15,29].
Thermal tests included temperature measurements in different depths in the absorber. The
results showed temperature gradients in different zones, and adjustments were made to
improve the temperature profiles. The effect of inhomogeneous illumination of highly
concentrated solar radiation on the surface of a porous absorber has already been reported
by Roeb M. et al. [16] in a reactor developed in the German Aerospace Center (DLR) and
operated in the Cologne solar furnace. In this reactor, the porous absorber consisted of a
honeycomb structure (SiC) and it was illuminated with concentrated solar radiation with
Gaussian-shaped flux distribution; the authors report a radial temperature gradient at the
front face of the absorber, and this temperature gradient is transmitted towards the backside
of the monolith absorber. The authors conclude that absorbed radiation’s inhomogeneity
and other thermal losses cause a decreasing initial hydrogen production rate. Results
have been reported of tests in solar thermochemical reactors with MPSZ (MgO—partially
stabilized zirconia) absorbers covered with CeO2 layers (CeO2/MPSZ) [17] and good rates
of hydrogen production were obtained. From the thermal point of view, the absorber was
instrumented to measure temperatures at the center of the front and rear sides. It was
observed that the front temperature reached values in the range of 1373~1473 K, and the
rear side 873~973 K. Such marked differences prevented reaction temperatures along the
volume of the absorber. However, despite the importance of knowing the porous absorber’s
thermal behavior, only a few studies report the temperature distributions in the material.
Most studies assume the absorber’s global temperature corresponds to the measurement
of one or two sensors, usually located on the absorber’s front face, and the durability of the
absorber’s impregnation method after thermal cycling [30]. Moreover, the porous absorber
selection criteria are usually not discussed, nor are the effect of changing porosity and gas
flow rates. Recently, V.R. Patil et al. [31] performed an experimental analysis of several
reticulated porous ceramic (RPC) absorbers with different porosities and RPC materials
(silicon-infused silicon carbide, alumina, and ceria). The RPCs were exposed to various
concentrated solar radiation ratios and airflow rates in order to determine the thermal
efficiency and air outlet temperature. The main conclusions of this work indicate that larger
pores size enhance heat transfer while variable porosity across the RPC absorber reduce
temperature gradients. Also, the authors deduce that higher airflow rates increase heat
transfer between the fluid and the solid. The highest experimental thermal efficiency was
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achieved with a Si–SiC (silicon-infused silicon carbide) RPC absorber with 10 PPI (pores
per inch). The authors highlight the importance of convective heat exchange together
with volumetric radiation absorption to achieve the volumetric effect [32]. Finally, the
authors suggest that incident concentrated radiation penetrates the RPC and undergoes
attenuation. The effective transport properties and thermal performance of different RPC
absorbers exposed to high solar concentration ratios are usually investigated with sim-
ulation techniques that use ideal porous structures [33] or through experiments under
highly controlled conditions such as constant radiative flux or temperature [34]. Either
way, the goal of both techniques is to obtain the thermal and performance parameters
to be applied in real operating conditions. The correct selection of these semi-empirical
parameters is a very important issue in the homogeneous equivalent models [18]. Perfect
knowledge of these parameters is critical when RPC absorbers are exposed to high solar
concentration ratios. Porous absorber selection criteria is a difficult subject to approach
due to it requiring a deep knowledge of the physical properties of the porous absorber
the environment, and the working conditions where it will operate [35–37]. Absorbers
selected must be capable of operating minimizing heat losses and favoring heat and mass
transfer between the reactants. Furthermore, porous absorbers must have a long effective
area to host the reactants [38]. In this work, we performed an experimental and numerical
thermal analysis of three Partially Stabilized Zirconia (PSZ) foam-type absorbers with a
pore density of 10, 20, and 30 PPI used as a volumetric absorber. A numerical model and an
analytical approximation were developed to reproduce experimental results and calculate
the thermal conductivity, as well as volumetric heat transfer coefficient. Values obtained
for the volumetric heat transfer coefficient were 308 and 971 Wm−3K−1, for the 10 and
30 L/min−1 in airflow, respectively; while the thermal conductivity values calculated were
1.4, 0.52, and 0.3 Wm−1K−1 for the 10 PPI, 20 PPI, and 30 PPI absorbers, respectively. The
results obtained in this work allow us to establish a selection criterion for porous absorbers
that operate within solar reactors and, according to the results described above, we have
found that the porous absorber with a pore density of 20 PPI is the most suitable to operate
inside the reactor since its properties will favor the volumetric effect and mass and heat
transfer inside the absorber.

2. Materials and Methods
2.1. Volumetric Absorber and Solar Reactor

The volumetric absorbers used to carry out the experimental tests were PSZ Zirconia
foam filters (partially stabilized zirconia, from Apogee Ceramics Inc. Brantford Ontario,
Canada) with pore density: 10, 20, 30 PPI ± 2 PPI, porosity: 80–90%, and bulk density:
0.7–0.85 g·cm−3. This foam-type ceramic was selected owing to its properties of high
thermal shock resistance, low reactivity, high effective surface area, standardized pore sizes,
and excellent high-temperature creep resistance. The selected absorbers were: 10, 20, and
30 PPI (Figure 1).
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The volumetric absorbers were placed inside a specially designed solar reactor
(Figure 2). The reactor has an outer body made of AISI (American Iron and Steel Institute)
304 stainless steel, with multiple ports for electronic instrumentation (30 thermocouples
and 2 pressure sensors), a removable back cover to allow access to the reaction chamber
without manipulating the glass window, and there is a rear port for pyrometric temperature
sensing. The reaction chamber is made of ring-shaped alumina thermal insulator arrays,
formed to a conical shape at the entrance of the reactor. Ring-shaped ceramic supports are
placed concentrically inside the reaction chamber, allowing swapping absorbers during
tests. The reactor glass window consists of a tempered flat glass plate with 450 mm in
diameter and 6.35 mm in thickness. This window has a water-cooled circular aperture
stop to limit the heating of sensitive parts of the system due to the incoming radiation.
Also, four external air nozzles are used to cool-down the window. This combination of an
air-cooled glass window with a water-cooled stop avoids thermal stress-related breakages.
The glass window is located 260 mm from the hot surface of the volumetric absorber, this
fact prevents the window from overheating. The gas (air in the present study) is introduced
into the reaction chamber through four nozzles, which are located behind the window, on
the conical walls of the insulator, pointing towards the porous surface.
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Figure 2. Reactor Cross-section. (1) Gas inlet manifold, (2) Reactor body, (3) Flat Glass Window,
(4) Alumina thermal insulator, (5) Volumetric absorber, (6) Pyrometers, (7) Water-cooled aperture
stop, (8) Window cooling nozzles.

2.2. Instrumentation and Operation

The solar reactor was operated in the IER-UNAM (Instituto de Energías Renovables-
Universidad Nacional Autónoma de México) high radiative flux solar furnace (HoSIER) lo-
cated in Temixco, Morelos, Mexico. The HoSIER operates at a maximum power of 25 kWth
(Thermal kW), and its characteristics have been described in the literature [39,40]. The
reactor is located so that the material’s illuminated surface is 40 mm behind the solar con-
centrator’s focal plane. This fact guarantees a uniformity illumination over the absorber’s
surface. The absorber thermal instrumentation was performed with sheathed thermocou-
ples (AEROPAK®, (Okazaki Manufac-turing Company, Kobe city, Japan) mineral-insulated
thermocouple) consisting of a thin tube (sheath) made of stainless steel or heat-resistant
steel, thermocouple wires enclosed within the tube and an inorganic insulator (MgO)
firmly packed around the wires. Figure 3 shows the probe locations: four on the absorber
(directly irradiated) front face, four on the rear face, exactly opposing the position of the
front thermocouples, four on the circular absorber edge, and one at the insulator-ceramic
support interface. A high-temperature ceramic cement (OMEGABOND®, OB-600) pro-
tected the thermocouple’s contact area from measurement errors in probes exposed to
concentrated radiative energy. An Infrared Thermometer (Impac IGA 140/23 Series, from
LumaSense Technologies, Inc., Baleful, Denmark) located in front of the reactor window
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allowed measuring the temperature within the absorber’s central area. Finally, sheathed
thermocouples were installed to measure the flowing gas temperature.
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Figure 3. Distribution of thermocouple probes in the porous absorber (1): front face (yellow), rear face
(red), absorber edge (blue), and insulation interface (green) (2). The red line indicates the direction of
pyrometer readings (3).

Once the absorber and temperature sensors are installed inside the reactor, the ex-
periments begin with an airflow of 30 L/min−1. The solar furnace’s shutter is opened
progressively to avoid thermal shocks by sudden irradiation of the absorber. The front-face
thermocouple average reading is stabilized near the target temperature (close to 1110 K
in the present study). A steady state is defined when temperature readings change by
less than 3% within a timeframe of 5 min. After stabilization at 30 L/min−1, the flow
rate is reduced to 10 L/min−1, and the temperature can stabilize again. The procedure
is repeated for the three absorber pore densities (10, 20, and 30 PPI), Figure 4 shows the
experimental configuration. Temperature and pressure data acquisition was performed
with a data logger switch unit (model 34972A LXI, from Keysight Tech-nologies, Colorado
Springs, CO, USA). The internal reactor pressure was monitored with a high-quality pres-
sure transmitter (S-20, from WIKA Alexander Wiegand SE & Co., Klingenberg, Germany),
with a two-second sampling interval, and followed in real-time through a graphical user
interface (GUI).
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Figure 4. (a) Solar reactor operation diagram showing the temperature (T) and pressure (P) sensors, the mass flow controllers
(MF), and the gas inlet/outlet, also is illustrated the incoming radiation flux (1), the water reservoir (2), the compressed air
tank (3), and the air extractor (4). (b) The solar reactor installed in the high radiative flux solar furnace (HoSIER), the reactor
(1), solar concentrator panel (2), and front pyrometer (3).
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2.3. Numerical Methods

Heat transfer in the volumetric absorber was modeled in COMSOL MULTIPHYSICS®

software version 5.2 (COMSOL, Inc., Burlington, MA, USA). This simulation was carried
out to investigate the thermal fields present in the porous absorber from the experimental
temperature measurements (thermocouples distributed according to Figure 3). The problem
was addressed firstly considering the heat transfer conductivity coefficient non-dependent
of temperature by solving the steady-state heat conduction equation:

∇ · (kt∇T) = 0, (1)

where the considered thermal conductivity kt is a lumped quantity including the conduc-
tion, radiation, and convection heat transfer processes occurring in the porous absorber
and is taken as a free parameter. The simulation uses boundary conditions approximately
representing the real conditions of the experiment. Considering the cylindrical edge of the
porous absorber an adiabatic media:

^
n · q

∣∣∣∣
r=rp

= −kt
∂T
∂r

∣∣∣∣
r=rp

= 0, (2)

here
^
n stands for the unit vector normal to the surface, and q is the heat flux vector. The

condition in the flat boundary facing the back of the cavity involves radiation losses:

^
n · q

∣∣∣∣
y=L

= −kt
∂T
∂y

∣∣∣∣
y=L

= εσSB

(
T4 − T4

cav

)∣∣∣
y=L

, (3)

where ε is the absorber emissivity, σSB is the Stefan–Boltzmann constant (5.67 × 10−8

Wm−2K−4), and Tcav is the cavity temperature. The front surface of the absorber receives
and loses energy in the form of radiation, which is represented by the boundary condition
in the following equation:

^
n · q

∣∣∣∣
y=0

= −kt
∂T
∂y

∣∣∣∣
y=0

= q0 − εσSB

(
T4 − T4

amb

)
, (4)

where Tamb is the ambient temperature and q0 is the concentrated solar irradiance. The
solar irradiance is not given as a single value but as a discretized 2D distribution based on
the experiments’ CCD (Charged Coupled Device) camera images. The receiver surface was
covered by 100 pixels of these images.

Many simulation runs were executed by varying the value of the unknown ther-
mal conductivity kt to fit the experimental temperature data obtained from the different
thermocouples distributed in the absorber body.

2.4. Analytical Approximation

To evaluate the volumetric heat transfer coefficient [41] inside the porous absorber
and for a better interpretation of the numerical model results, we develop an analytical
model. This model differs from the numerical simulation described in Equation (4) in the
fact that convection heat transfer is dealt with explicitly, instead of considering it part of a
lumped heat transfer coefficient. Within the temperature range in the present work (300 to
1110 K) we have approximated air as an ideal gas and considering the air’s specific heat
change to be small in this range. Thus, the heating of the air flowing through the porous
absorber can be described by:

.
mcp

dTg

dz
= A hV

(
Tm − Tg

)
, (5)
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where the parameter hV

[
W m−3K−1

]
is the volumetric heat transfer coefficient inside the

porous media, and A
[
m2] is the cross-sectional area of the sample material. The coefficient

hV is an unknown parameter to be resolve in the problem, which will be obtained from the
fit to the experimental data results. In parallel to convective heat transfer, conductive and
radiative heat transfer occur within the medium [42]. The equation for this combined heat
transfer can be expressed as:

dqe,z

dz
= −hV

(
Tm − Tg

)
, (6)

here qe,z is the one-dimensional effective conductive-radiative heat flux through the
medium. Fourier’s law can describe this in terms of a temperature-dependent combined
effective thermal conductivity ke in the form:

qe,z = −ke
dT
dz

, (7)

this effective thermal conductivity ke is different from, although related to, the lumped
conductivity (kt) considered in the preceding section. Effective thermal conductivity can be
expressed as the sum of the solid conductive and radiative components:

ke = ks + kr, (8)

where the solid conductivity ks es related to the heat transfer in the solid porous matrix and
radiative conductivity kr is related to the heat transfer by radiation inside the porous space.
Both contributions to the effective thermal conductivity have been recently evaluated by
Macias et al., 2021 [43] for a similar porous material used in this work. Authors have
expressed the solid conductive contribution in terms of Archie’s law [44] as:

ks = k(1− p)θ , (9)

where k is the ordinary conductivity in the solid (non-porous) material, p is the porosity,
and θ is Archie’s exponent, this value depends on the pore shape and its probability
distribution in the material. The conductivity k for solid ZrO2 can be adjusted from the
work of Sun et al. (2013) [45] to:

k(T) = 2.453 + 13.41 exp(−T/300.8), (10)

where T is the temperature. The radiative conductivity contribution to the effective con-
ductivity was obtained in terms of Rosseland’s approximation [46] as:

kr =
16 σSBT3

3βR
, (11)

in this expression σSB stands for Stefan–Boltzmann constant and βR is known as Rosseland’s
mean extinction coefficient [47]. Parameters of porosity, Archie’s exponent and Rosseland’s
coefficient for a similar porous material used in this work with 20 PPI are: p = 0.84,
θ = 1.12, and βR = 858 m−1 [43]. Although the effective conductivity ke has a dependence
in temperature in the considered range in this work, for simplicity, a constant averaged
value will be considered as a first approximation. Under the above assumptions, the system
of equations to be solved is:

dTg

dz
= 2r

(
Tm − Tg

)
, (12)

d2T
dz2 = s2(Tm − Tg

)
, (13)
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r =
A hV

2
.

mcp
, s =

√
hV
ke

. (14)

by approximating r and s coefficients as constant, then the coupled Equations (12) and (13)
have analytical solution that can be expressed in terms of the two linearly independent
functions: exp

[
1
2

(
−k +

√
k2 + s2

)
z
]

and exp
[

1
2

(
−k−

√
k2 + s2

)
z
]
.

3. Results
3.1. Experimental

Figure 5 shows the experimental temperature data obtained of the porous absorber
with 10 PPI, temperature values correspond to the front and back faces and the porous
medium’s edge, in each case, values are an average over the four sensors located in these
surfaces (Figure 3). The behavior of this porous absorber is representative of the typical
trend of the different porosities studied in this work. The vertical red lines indicate when
the flow rate is changed. The most noticeable transient temperature occurs during the
first 0.5 h of operation at a flow rate of 30 L/min−1, as can be appreciated in the graph.
Nevertheless, the full stabilization required 1.0 h at least. When the steady-state is reached,
the temperature difference between the two faces of the absorber is 338 K, this temperature
difference remains constant if the solar irradiance is kept at a value close to 800 W m−2,
even changing the airflow rate. The experiment continued with the flow rate of 10 L/min−1

for 0.5 h to compensate for minor temperature oscillations due to solar irradiance variations.
Then, the flow rate was reduced to 5 L/min−1, and the system was allowed to stabilize
again. In the last segment, the flow rate was not changed, but the solar furnace shutter
was closed and opened in intervals of 0.4 h, to simulate the system’s response to dispersed
clouds. During the shutter’s closures, the absorber’s front face temperature decreased by
110 K, 209 K, and 315 K for the first, second, and third closures. Temperatures presented a
delayed response to closures due to the reactor’s large thermal mass.
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Figure 5. Temperature data for 10 PPI absorber obtained throughout the test. Values were averaged
over the sensors located in the absorber body.

Figures 6 and 7 present the time-averaged temperature measured in the porous
absorber and gas (air) for different flow rates’ experimental conditions. The temperature
average has also been calculated over the sensors placed in each zone of the porous absorber.
The temperature of the front face in the three types of absorber (10, 20, and 30 PPI) does
not change in relation to the flowrate or in relation to the pore density because this face is
exposed to solar radiation, as expected.
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different flowrates. Values were averaged over the sensors located in the absorber body.

Figure 6 shows a remarkable dependence on the temperature difference between
the absorber’s faces and the pore density (PPI) [48]. Considering that pore density is
inversely proportional to the pore diameter, thus 10 PPI absorber has the largest pores, and
it presents the smallest temperature difference between the front and back face, while the
30 PPI absorber has the smallest pores and the largest ∆T. This behavior can be attributed to
the easier passage of the concentrated solar radiation through the largest pores. This higher
back face temperature of the porous absorber for larger pore diameters also translates into
a higher gas outlet temperature. Regarding the flow rate’s effect, the trend is an increase of
both solid (Figure 6) and gas (Figure 7) temperatures in the porous absorber’s back face
when this parameter is raised. This increase in the back face temperature with the flow rate
is due to more effective heat removal from the material’s hottest parts, reducing losses to
the front and transferring heat backward.

Furthermore, Figure 6 shows that changes in flowrate have less effect in ∆T when
pore density (PPI) is increased. For example, in the case of the 30 PPI absorber, a slight
change is observed in ∆T, even though the flow rate is increased by three times.

3.2. Theoretical

Figure 8 shows the steady-state temperature distribution in the 20 PPI absorber ob-
tained from the numerical simulation with COMSOL. As mentioned previously, the in-
cident radiative flux distribution was included in the numerical simulations’ boundary
conditions. The radiative flux irregularities are due to the concentrator optical errors,
which are augmented because the solar furnace is operated with the receiver out of focus.
Consequently, the radiative flux profiles lead to an irregular and asymmetric temperature
distribution. Figure 9 compares the temperature distribution for the different pore densities
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in the z-y plane (perpendicular to thickness) of the absorber material. It can be observed
how the larger pores allow higher temperature values in the inner parts of the material due
to the increased radiation penetration. Despite the irregularities, the heat transfer occurs
mainly in the z-direction.

Energies 2021, 14, x FOR PEER REVIEW 10 of 16 
 

 

 
Figure 7. Air inlet and outlet temperatures data obtained during steady-state operation under dif-
ferent flowrates. Values were averaged over the sensors located in the absorber body. 

3.2. Theoretical 
Figure 8 shows the steady-state temperature distribution in the 20 PPI absorber ob-

tained from the numerical simulation with COMSOL. As mentioned previously, the in-
cident radiative flux distribution was included in the numerical simulations’ boundary 
conditions. The radiative flux irregularities are due to the concentrator optical errors, 
which are augmented because the solar furnace is operated with the receiver out of focus. 
Consequently, the radiative flux profiles lead to an irregular and asymmetric tempera-
ture distribution. Figure 9 compares the temperature distribution for the different pore 
densities in the z-y plane (perpendicular to thickness) of the absorber material. It can be 
observed how the larger pores allow higher temperature values in the inner parts of the 
material due to the increased radiation penetration. Despite the irregularities, the heat 
transfer occurs mainly in the z-direction. 

 

Figure 8. Isothermal surfaces corresponding to the 20 PPI absorber obtained from numerical sim-
ulations. 

Figure 8. Isothermal surfaces corresponding to the 20 PPI absorber obtained from numerical simulations.

Energies 2021, 14, x FOR PEER REVIEW 11 of 16 
 

 

   
(a) (b) (c) 

Figure 9. Isothermal surfaces on the z-y plane (perpendicular to thickness) of the absorber material. (a) 10 PPI, (b) 20 PPI, 
and (c) 30 PPI. 

Table 1 presents the comparison between experimental and simulated temperature 
values for different areas in the porous absorber. The simulation simplifies the combined 
heat transfer by introducing a total conductivity (𝑘௧). Note that convection and radiation 
effects induce a preferent directionality in the thermal process producing anisotropy, 
however this effect is slight in all simulated cases. In this sense, conductivity values in 𝚤̂ 
and 𝑘෠ directions gave the best results in the analytical model when they are 98.5% of the 
conductivity value in the 𝚥 ̂ direction 𝚥.̂ This near isotropic behavior is most likely due to 
the random distribution of the ceramic body’s pores, which internally produce good 
mixing of the air by forced convection [49]. The simulated total conductivity 𝑘௧ values 
that best fit the experimental data for absorbers with pore density of 10 PPI, 20 PPI, and 
30 PPI were, respectively, 1.4, 0.52, and 0.3 Wm−1K−1. Comparing the RMS of the three 
absorbers, the absorber with 30 PPI presents the highest deviation, this is since the in-
ternal structure of porous absorbers with high pore density is more complex, which of-
fers obstructions or physical barriers to airflow and thermal barriers to heat transfer. 

Table 1. Experimental (Exp) temperature data in the porous medium and simulations (Sim) pre-
dictions for the 10, 20, and 30 PPI absorbers, with 30 L min−1 in air flowrate. RMS refers to 
root-mean-square deviations. 

Location 10 PPI 20 PPI 30 PPI 
x (mm) y (mm) z (mm) Exp (K) Sim (K) Exp (K) Sim (K) Exp (K) Sim (K) 

27 0 27 1172 1196 1203 1204 1203 1108 
27 23 27 786 795 685 681 685 603 
−30 0 27 1108 1210 1103 1201 1103 1102 
−30 23 27 795 804 642 688 642 609 
−30 0 −30 1107 1056 1086 1077 1086 994 
−30 23 −30 820 727 645 630 645 560 
27 0 −30 1101 1101 1063 1112 1063 1024 
27 23 −30 735 745 574 644 574 572 

RMS 5% 6% 7% 

The results of the solution of the analytical model of Equations (12) and (13) are 
presented in Figure 10. The solid and gas temperatures are depicted for the 20 PPI po-
rosity absorber, for 30 and 10 L min−1 flowrates. As mentioned above, the absorber’s front 
and back temperatures and the air inlet temperatures were fixed to the experimental 
values (Figure 7). Meanwhile, the volumetric heat transfer coefficient ℎ௏ (Equation (5)) 
was varied to fit the experimental air outlet temperature data. The fits were accurate to 

Figure 9. Isothermal surfaces on the z-y plane (perpendicular to thickness) of the absorber material. (a) 10 PPI, (b) 20 PPI,
and (c) 30 PPI.

Table 1 presents the comparison between experimental and simulated temperature
values for different areas in the porous absorber. The simulation simplifies the combined
heat transfer by introducing a total conductivity (kt). Note that convection and radia-
tion effects induce a preferent directionality in the thermal process producing anisotropy,
however this effect is slight in all simulated cases. In this sense, conductivity values in î
and k̂ directions gave the best results in the analytical model when they are 98.5% of the
conductivity value in the ĵ direction ĵ. This near isotropic behavior is most likely due to the
random distribution of the ceramic body’s pores, which internally produce good mixing of
the air by forced convection [49]. The simulated total conductivity kt values that best fit
the experimental data for absorbers with pore density of 10 PPI, 20 PPI, and 30 PPI were,
respectively, 1.4, 0.52, and 0.3 Wm−1K−1. Comparing the RMS of the three absorbers, the
absorber with 30 PPI presents the highest deviation, this is since the internal structure of
porous absorbers with high pore density is more complex, which offers obstructions or
physical barriers to airflow and thermal barriers to heat transfer.
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Table 1. Experimental (Exp) temperature data in the porous medium and simulations (Sim) pre-
dictions for the 10, 20, and 30 PPI absorbers, with 30 L/min−1 in air flowrate. RMS refers to
root-mean-square deviations.

Location 10 PPI 20 PPI 30 PPI
x (mm) y (mm) z (mm) Exp (K) Sim (K) Exp (K) Sim (K) Exp (K) Sim (K)

27 0 27 1172 1196 1203 1204 1203 1108
27 23 27 786 795 685 681 685 603
−30 0 27 1108 1210 1103 1201 1103 1102
−30 23 27 795 804 642 688 642 609
−30 0 −30 1107 1056 1086 1077 1086 994
−30 23 −30 820 727 645 630 645 560
27 0 −30 1101 1101 1063 1112 1063 1024
27 23 −30 735 745 574 644 574 572

RMS 5% 6% 7%

The results of the solution of the analytical model of Equations (12) and (13) are
presented in Figure 10. The solid and gas temperatures are depicted for the 20 PPI porosity
absorber, for 30 and 10 L/min−1 flowrates. As mentioned above, the absorber’s front and
back temperatures and the air inlet temperatures were fixed to the experimental values
(Figure 7). Meanwhile, the volumetric heat transfer coefficient hV (Equation (5)) was varied
to fit the experimental air outlet temperature data. The fits were accurate to 0.5 K, and
the values obtained for hV were 308 and 971 W K−1m−1, for the 10 and 30 L/min−1 cases,
respectively.
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4. Discussion

Define the thermal properties of porous media is not an easy task, just as describing the
temperature distribution within the porous media is also not trivial. The advantage of the
analytical model developed lies in the decoupling of the three heat transfer contributions,
which allows assigning a more precise physical meaning to the parameters obtained.
With this analytical model is possible to obtain from the experiments an estimation for
the volumetric heat transfer coefficient and the thermal conductivity which are hard to
determine by other means [50–52]. The values obtained for the volumetric heat transfer
coefficient were 308 and 971 Wm−3K−1, for 10 and 30 L/min−1 flowrates, which could be
compatible with a nearly linear scaling with Reynolds number [53]. The values calculated
for thermal conductivity in the absorbers with 10 PPI, 20 PPI, and 30 PPI were, respectively,
1.4, 0.52, and 0.3 Wm−1K−1, and this trend is roughly inverse to pore density [54] (see
Figure 11). However, this behavior is not attributable only to solid matrix conduction effects
because, for media of the same material and type of geometry, the thermal conductivity
depends essentially on the air volume fraction. As verified by weight, all the samples
used in this work have nearly the same bulk density, within 3%, no matter their pore
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density in PPI. Also, all of them exhibit the same structure due to the fabrication method
used. Thus, one can deduce that the variations on the total conductivity are due to
radiative [55] and convective effects [56]. In the same way, radiative conductivity described
by Equation (11) is inversely proportional to the extinction coefficient βR, which in turn
is inversely proportional to pore diameter [57]. Thus, if radiative heat transfer dominates
within the absorber, then it is expected that total conductivity be inversely proportional
to pore density. This assumption is confirmed in Figure 11 where the behavior of thermal
conductivity follows an inverse scale trend with pore density, suggesting that radiation
is the dominant heat transfer mechanism within the solid phase of the porous medium.
Absorber selection criteria are usually not discussed because it is a difficult subject to
approach due to it requiring a deep knowledge of the physical properties of the porous
absorber, the environment, and the working conditions where it will operate, and the
performance expected of it. In this way, porous absorbers selected must be capable to
operate at high temperatures, minimizing heat losses, and favoring heat and mass transfer
between the reactants. Furthermore, porous absorbers must have a long effective area to
host the reactants [38]. Hence, it is desirable that heat distribution throughout the volume
of the porous support be uniform and it is also desirable that the effective area of the porous
support be very large to host as large an amount of reactant as possible. The first condition
depends on the thermal properties of the porous support and the operating conditions of
the reactor, while the second condition depends on the geometry (shape and pore size),
the structure of the porous system (open porosity, interconnection of pores, etc.) and the
number of pores (pore density and percentage of porosity). However, these two conditions
are not always easy to meet, therefore, an absorber should be selected that meets both
conditions in a higher percentage. Pore density is one of the determining parameters in the
correct selection of porous absorbers, since it determines the amount of material that can
be deposited within the porous medium. Generally, the porous absorber with higher pore
density has more internal surface area available [58], and this is true only if the porous
system is homogeneous. However, it should be considered that when the pore density
increases, the concentrated energy does not penetrate in the deeper space in the absorber
and is absorbed in areas close to the surface, therefore temperature gradients are created
within the porous medium. On the other hand, the internal structure of porous absorbers
with high pore density is more complex, which offers obstructions or physical barriers to
air flow and thermal barriers to heat transfer, and additionally, the deposit of reactants
could be less effective. After the considerations described above, we have found that the
porous absorber with pore density of 20 PPI is the most indicated to operate inside the
reactor, since its properties, widely described in this work, will favor the volumetric effect
and mass and heat transfer inside the absorber.
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Figure 11. Total conductivity (kt) obtained from the simulations for different linear pore densities
(red squares) and a trendline for these values (red dotted line). The effective conductivity (ke) [43]
for the 20 PPI absorber (black circles) with the expected scaling for this quantity (black dotted line)
based on the assumption of radiation heat transfer dominance [57].
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5. Conclusions

The thermal performance of reticulated porous ceramic absorbers was investigated in
a solar furnace. Samples of different pore densities were tested, and the effect of air flow
rate and incoming radiative power were examined. Experimental data obtained were used
to perform simplified numerical simulations and develop an analytical model to obtain the
volumetric heat transfer coefficient, the effective thermal conductivity, and to investigate the
temperature distribution inside the porous media. The results obtained in this work allow
the implementation of a criterion for the correct selection of efficient volumetric absorbers;
this criterion is based on a detailed knowledge of the thermal and structural properties of
the absorber. For this purpose, experimental data have been collected, a numerical method
has been developed, and computational simulations have been performed, these efforts
allowed us to deduce a criterion for the selection of the best and most efficient volumetric
absorber, according to its general physical properties and the results that we expect.
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