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Abstract

A 1 kW thermochemical solar reactor/receiver fitted with a porous ceramic foam structure is
studied numerically to predict the thermal transfers inside the volumetric solar receiver. This
reactor is devoted to the production of hydrogen from two-step thermochemical cycles based
on mixed metal oxides, and it features a porous media coated with the reactive ferrite material
(MyFes<x0y4) that is directly irradiated by concentrated solar energy. The developed numerical
model couples the fluid flow, heat and mass transfer, and the chemical reactions. The
FLUENT code solves the transport equations of the fluid phase. The source terms of the solid
phase, radiative heat transfer and chemical reactions are then computed using user-defined
functions. The complete model was used to predict the thermal behaviour of the receiver
under different operational conditions, which concerns the inert gas flow rate, the incident

solar flux, the porosity, the mean cell size of the foam, the length of the volumetric solar


http://ees.elsevier.com/ate/viewRCResults.aspx?pdf=1&docID=7640&rev=1&fileID=165759&msid={0273437B-395A-47A4-B691-9DE2CE6A0BB6}

receiver, and the influence of the chemical reactions. Results show that the maximal
temperature of the foam is around 1710K with 6 L,/min N, for a mean solar concentration of
1040 suns. The higher the gas flow rate, the lower the temperature of the foam. The suitable
operating conditions were defined for carrying out the reduction and hydrolysis reactions in
the whole reactor volume at 1400K and 1200K, respectively. A model validation was
performed with experimental data obtained from the reactor testing at the focus of a solar

furnace.
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Nomenclature

Co Heat capacity, J kg™ K*

ds Mean cell size, m

Ea Activation energy, J mol™

Gd Direction- integrated intensity, W m™

H Enthalpy, J mol™

h Volumetric heat transfer coefficient, W m> K*
Ly, Blackbody intensity of radiation, W m? pm™ sr*
1, Intensity of radiation, W m? um™ sr

J Flux diffusion, kg m?s™

Ly Liter at normal conditions, 273K and 1 atm

M, Molecular weight, kg mol™

Mg Mass flow of the gas, kg s

A Unit normal vector

q- Volumetric heat source, W m™

R Reaction Rate, mol m®s™

Ry Universal gas constant, J mol™ K™

Re Reynolds number (pud/x)

§ Unit vector into a given direction

S Volumetric heat source term, W m™
T Temperature, K

u Velocity, m s™

Greek symbols

B Extinction coefficient, m™



£ Emissivity
@ Porosity
0) Incident solar flux density, W m™
n Wavelength, pm
K Absorption coefficient, m™
A Thermal conductivity, W m™* K*
U Dynamic viscosity, kg m™ s*
p Density, kg m™
o) Scattering coefficient, m™
o Stefan-Boltzmann constant, W K* m™
T Transmissivity of the window
Subscripts
chem Chemical
conv Convective
f Fluid
H Hydrolysis
i Species i
rad Radiation
R Reduction
S Solid
w Wall

1. Introduction

The conversion of concentrated solar energy into a sustainable energy carrier such as
hydrogen is an attractive option to produce a long-term storable and transportable fuel without
green house gas emissions. One of the most promising options to obtain “solar hydrogen™
relies on the solar thermochemical cycles that present satisfactory energy efficiency due to the
direct conversion of heat to hydrogen [1]. Several of these cycles were analyzed and
demonstrated experimentally [2-5] and recently, special interest was paid in the use of the
Fe304/FeO redox pair and mixed metal ferrites [6-12]. This iron-based process was first
proposed by Nakamura [11] and it comprises two steps. The first one consists of a highly
endothermic reduction reaction that needs temperatures above 1900K to produce the FeO
(wistite phase) (thermal-reduction step). In the second step (hydrolysis step), hydrogen and

Fe3;0,4 are obtained from the reaction of wistite with water at about 800K [11-12].



Mixed oxide materials such as ferrites (like nickel ferrites) were proposed to lower the
temperature of the thermal reduction step below 1600K while the reduced phase was still

reactive with water to produce hydrogen at about 1200K [9].

MyFes«O4 2 XMO + (3-x)FeO + %2 O, (Thermal-reduction Step)
XMO + (3-x)FeO + H,0 &> M,Fe3.«O4 + H; (Hydrolysis Step)

with M = Mn, Co, Ni, Cu, Zn...

Due to the lower reduction temperature of the ferrites, a few solar reactor concepts have been
developed and tested [6, 9, 13]. For example, a mixed iron oxide cycle was demonstrated in a
100 kW solar reactor operating below 1500K [13]. The reactive material is coated on a multi-
channelled monolithic honeycomb. In a monolithic dual chamber solar reactor, a quasi-
continuous H; flow is produced by cyclic operation of the two reaction chambers through
sequential oxidation and reduction steps at 1073K and 1473K, respectively. A solar reactor
that incorporates heat recuperation between the reduction and oxidation steps is being
developed [14].

In order to implement this chemical process in the solar furnace of CNRS-PROMES
laboratory, a volumetric solar receiver/reactor based on low cost ceramic structures is
proposed. This reactor consists of a porous ceramic foam made of silicon carbide (Fig. 1)
impregnated with the reactive material (e.g., MxFe3xO,4) and deposited as a coated layer. This
structure is directly irradiated by concentrated solar energy with the aim of obtaining the
necessary reaction temperatures. With such a reactor configuration, several advantages can be
expected, some of them are [15]: (I) the solid transport (reactants feeding and products

collection) is avoided because of the use of a solid reactant fixed in the receiver; (1) the



whole chemical process (hydrolysis and reduction reactions) can be achieved in the same
reactor; (111) there is a high geometric surface area and therefore appropriate gas-solid
interface contact, low pressure drop and high mass transfer performance because of using a
porous media.

The modeling of reactors is a tool that permits the reactor design improvement. For example
Villafan-Vidales et al. [16] developed a model of reactor for the CeO; reduction in which the
aperture radius and the particle concentration in the fluidized bed reactor were optimized to
match the characteristics of the solar concentrator. For a gas phase reaction, the study made
by Valdés-Parada et al. [17] is another example of optimization of the reactor size by means
of this kind of technique. In the field of volumetric solar receivers or catalytic monoliths, the
heat transfer to the reactor volume and the temperature homogenization are targeted [18-24].
However, the case of thermochemical systems and the influence of chemical reactions have
been scarcely analyzed [6, 25]. A mathematical model for the description of the cyclic water-
splitting/regeneration process was formulated at the scale of a single channel (one
dimensional problem) to describe a honeycomb monolithic reactor under the influx of solar
radiation on its front face [6]. Other models focused on heat transfer simulation in catalytic
monoliths [23-24]. Therefore, a two-dimensional model for a volumetric porous solar
receiver/reactor devoted to the thermochemical hydrogen production is developed in this
study. The solar radiation is not only considered as a boundary condition at the reactor front
surface [6], but rather as a radiative heat source in the whole volume of the porous medium.
The model is used to predict the temperature profile inside the receiver, since its direct
determination by experimental measurements under high flux solar irradiation is awkward.
It includes the mass, momentum and energy conservation equations as well as both the
reduction and hydrolysis reactions. These heterogeneous surface reactions involve the redox

coating on the pore channels of the volumetric receiver. The commercial software ANSY'S



FLUENT was used to solve the transport equations in the fluid phase. For the solid phase, the
radiative transfer and kinetics of the chemical reactions were computed using the UDFs (User
Defined Functions).

The aim of this study is to perform a parametric study and to predict the system performances
as a function of operational conditions. A solar reactor prototype is proposed and tested to

validate the model results.

2. Solar reactor description

The reactor consists of a horizontal cylindrical chamber (0.035 m i.d. and 0.044 m long) that
contains the porous ceramic structure (Fig. 2). The front of the device is directly irradiated by
concentrated solar energy supplied by a solar furnace consisting of a sun-tracking heliostat
and a 2 m-diameter parabolic concentrator (85 cm focal distance, 120° aperture, maximal
power of 1.4 kW delivered at the focal point, Gaussian flux density distribution). The lateral
walls of the foam are surrounded by an insulator and a hemispherical glass window separates
the system from the ambient air to provide a controlled atmosphere inside the chamber. A
flow of inert gas (nitrogen) enters by the front of the receiver, flows inside the porous foam

and sweeps the gaseous product species out of the chamber.

3. Mathematical model

The model assumes that the flow within the monolith pore channels is laminar (Re<47, the
Reynolds number is based on the superficial gas velocity accounting for the void surface) and
that the lateral walls are well insulated (adiabatic). The radiation entering the receiver is

collimated with a Gaussian distribution, and the foam is considered as a gray, optically thick,



absorbing, emitting and isotropic scattering media. The reaction rate expressions include all
the possible mechanisms involved in the conversion of gas and solid species (e.g., adsorption,

desorption, diffusion).
3.1. Governing equations
From the assumptions described above, the equations that were solved are:

(1) Mass conservation equation:

V(pu)=0 1)

(11) Momentum conservation equation:
V-(plil)=pAu-V (p)+F (2)
where F is the pressure drop in the ceramic foam. This term is calculated by using the UDFs

and the following correlation is used [26]:

. 103910024 05138457
e )

In this equation, ¢ represents the material porosity and ds is the mean cell size and its value
was taken from Wu et al. [26]. This correlation is valid for ceramic foams with porosity in the

range of 0.66 < ¢ <0.93, Reynolds number in the range of 10 < Re <400 and a cross-section

of the pore channel that approaches a circle [26].

(1) Energy equation for a porous media [27]:

For the fluid phase:



V(pf Cp.fUT; ):V(ﬂ'f VT —ZH j. )+qf (4)
g; denotes a heat source term that represents the convective heat exchange between the solid

and the fluid ( Sconv ), and the species diffusion term (XHiJi) is added when chemical reactions

are considered.

For the solid phase:

V(osCpsuTs )=V-(AeriVTs )+0¢ (5)
where /et is the thermal conductivity of the foam that is obtained by using the Schuetz-

Glicksman empirical formula [28]:

_As
ﬂeff—§(l—¢) (6)

¢ is a volumetric heat source term that includes the terms due to radiation ( S,,q), convective
heat transfer between the solid and the fluid ( Sconv ), and enthalpy of the chemical reaction

(Schem):

q§'=schem+Sconv+Srad (7)

3.2. Fluid temperature modeling

In the fluid phase energy equation (Eq. 4), the source term represents the convective heat
transfer between the solid and the fluid:

Scon=h(Ts -T;) (8)
The convective volumetric heat transfer coefficient (h) is calculated by using the following

empirical correlation that relates the porosity ¢ and the fluid velocity [29]:

0.38 0.438
,_2.096¢ /éfszRe P(¢) -




where P(#)=8.278¢4"*+57,3844*-106.634>%+95.7564%—37.24 4%

This correlation is valid for porosity in the range of 0.66 < ¢ < 0.93 and Reynolds number in

the range of 70 < Re < 800 [29].

Boundary conditions:

To obtain the temperature of the fluid phase, the applied boundary conditions are the
following. The lateral wall is adiabatic. A mass flow inlet is imposed and the gas is supposed

to be injected at 300K.
At the inlet (X:XO), mg=mgyset, Tf’in|et=300 K

At the outlet (x=x,), the pressure gradient is zero.

3.3. Solid temperature modeling

The source terms in the solid phase energy equation include the convective heat transfer

between the solid and the fluid ( Sconv ), the radiative term (S,4), and the chemical reaction
term (Schem), S€€ EQ. (7). The first one is obtained by using the equations 8 and 9.

To compute the radiative term (S..q), it is necessary to solve the radiative transfer equation
(RTE) [30]:

dln(r dl(rs)_ | Kilo, /1 ,7+_ I 1,(8)®, (5 8)d (10)

In this equation, |, represents the intensity of radiation at point r in the medium that travels a
distance ds along the direction$. To solve equation (10), several approximated methods
exist. The P1 approximation can be used to solve the RTE because the porous structure is

considered as an optically thick and isotropic scattering media.



P1 approximation is an analytical solution of the RTE that is based on the assumption that the
media is optically thick and the radiation is scattered almost uniformly in every directions
[30]. The assumption that radiation is perfectly diffuse at any point of the reactor may not be
true in many cases, especially if the radiation entering the reactor is collimated. In this case a
variation of the P1 approximation is used, generally known as a modified differential
approximation. In this approximation, the intensity is treated as the sum of collimated and
diffuse components, given the strong directionality of the solar source in this system.

Mathematically, the modified differential approximation can be expressed as [31]:

V2G, k3G =0 (11)
with qr=ordexp(—LX)+4 ko, T (12)
In this expression, G, is the diffuse integrated intensity over all the directions, g represents
the source term that contains the emitted energy (4xo;,Ts*) and the collimated component

(7Pexp(=LX) ) that is attenuated exponentially. Then, the diffusion coefficient of the P1
approximation (kg ) is:

Ky=+/3K0 (13)
where f=k+o is the extinction, x the absorption, and o the scattering coefficients.

The optical properties (absorption and scattering coefficients) of the foam are considered
homogeneous and independent of the wavelength (gray media). The absorption and scattering

coefficients depend on the porosity and are obtained from the following relations [32]:

K‘Zé‘( 235 )(1—¢) (14)

=25 3 )o-9) (15)

10



These coefficients can be estimated from the conditions of the geometric optics limit. The
porous material is assumed as a monodisperse assembly of independently scattering voids
(considered as particles) for large values of the size parameters [32].

To solve the diffuse incident radiation Gy, it is necessary to implement boundary conditions

that can be used together with equation (11). In this problem, the Marshak boundary
conditions were implemented [30]. The boundary conditions for the radiative flux are for the

inlet and outlet boundaries:

Gi_ 1=
2 =350 VG, (16)

and for the wall, the emission and reflection are taken into account:

Ew :L_'.

Once Gy is found, the radiative source term is calculated by using:

Srad :K(4 UbTSA_Gd —Dexp ( —ﬁ’X)) (18)
3.4. Chemical reactions modeling

When implementing chemical reactions, the species transport equation balance is:

V(piYi)=pDinAYi+M; Rypemi (19)
where Yi is the local mass fraction of the species i, Din is the mass diffusion coefficient for
the species i, M; is the molecular weight, and R Is the chemical source term, which

relates to the net rate of production of species i by chemical reaction.
In this work the reduction and hydrolysis reactions were modeled separately. The aim of these

simulations is to evaluate the impact of the reactions on the temperature distribution. The

11



information related to chemical reactions data (order of reaction and kinetic parameters) was

taken from Agrafiotis et al. [6].
3.4.1 Thermal-reduction step

The thermal reduction reaction is highly endothermic and needs temperatures above 1400K

[6]. The heat source term related to the chemical reaction (Eq. 7) is expressed as:

Sehem=RredAH red (20)
where AH,.q is the enthalpy of the reduction reaction and its value was obtained in the case of
NiFe,O,4 by using the HSC chemistry 5.11 software [33]; R..qis the net reaction rate with

Arrhenius-type temperature dependence:

_ —Ear
Reronex{ 722 | 1)

where K, is the pre-exponential factor and E,y is the activation energy [6].

3.4.2 Hydrolysis step

The hydrolysis reaction is an exothermic step that is carried out at temperatures around

1200K. In this case, the volumetric heat source term of Eq. 7 is expressed as:

Schem:RhydAH hyd (22)

with Rhydsz,Hexp(EE;Hj [H-0] (23)

gls
The value of the enthalpy of the hydrolysis reaction is calculated by using HSC chemistry

[33].

12



The data used for the evaluation of the system are shown in table 1. The considered
compound involved in the two-step cycle is NiFe,O,4. The properties of the monolith materials
correspond to those of silicon carbide, and the influence of the coating on the physical

properties is neglected.

3.5. Methodology

The solar receiver was simulated with ANSYS Computational Fluid Dynamics (ANSYS
CFD) and User-Defined Functions (UDFs). The UDFs are programmed functions that are
coupled with the ANSYS-FLUENT solver for enhancing the standard features of the code.
These UDFs are usually used to define boundary conditions, material properties and source
terms. The developed model solves the 2D steady state continuity, momentum and energy
equations for an axi-symmetrical flow (see Fig.2). The SIMPLE algorithm for the pressure-
velocity coupling was used. The P1 approximation and momentum equations were discretized
by applying the second-order upwind advection model and the energy equation by employing
the third-order accurate scheme QUICK.

Simulations were first conducted for a non-reactive flow in order to determine the thermal
behavior of the reactor for different operational conditions; then chemical reactions were
included into the model for studying their impact on the temperature distribution. The model

convergence criterion for the residuals was set to 1x10™°.

In the non-reactive flow simulations, the inert gas (N2) is assumed to enter the cavity at 300K

and 1 atm. The nitrogen was injected by the front of the reactor and several gas flow rates

were considered: 0.01, 1, 6, 10, and 20 L,/min (given at normal conditions, 273K and 1 atm).
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The front of the silicon carbide foam is subjected to concentrated solar radiation (total
incident power of 1 kW, mean concentration of 1040 suns, 1 sun = 1 kW/m?), which can be
represented either by a constant mean solar flux density (uniform on the foam surface) or by a
Gaussian distribution to better match the characteristics of the solar concentrating system:

d=Aexp(—Br?) (24)

where A=1.5x10¢ W/m? and B=2560 m™. These values were obtained experimentally and

correspond to the characteristics of typical parabolic solar concentrators.

In the next simulations, a reactive flow was modeled in order to study the effect of the
chemical reaction on the temperature distribution in the gas and solid phases. Both the
reduction and hydrolysis reactions were analyzed separately. In the reduction step, nitrogen
was supposed to enter within the receiver at a flow rate of 6 L,/min and an incident solar
irradiation characterized by a Gaussian flux distribution was considered. An inlet gas mixture
composed of nitrogen and water (1.2 L,/min of H,O and 8 L,/min of N;) was considered in

the hydrolysis step.

4. Results and discussion

4.1. Non-reactive flow simulations

The solid and fluid temperature distributions are depicted in Fig. 3 (for a foam porosity of 0.9
and a N flow rate of 6 L,/min). The fluid starts to heat up until reaching a temperature of
1690K; then the temperature decreases until 1300K (Fig. 3A). The solid reaches the highest

temperature (1700K) at the front vicinity (about 1 cm from the front surface) due to the

14



impinged direct irradiation and then, the temperature starts to decrease because of heat
exchange with the fluid (Fig. 3B).

The temperature of the porous media along the symmetry axis is represented in Fig. 4. The
gas flow rate has a strong impact on the temperature of the material. The higher the gas flow
rate, the lower the temperature. The temperature tends to increase in the first few centimeters
of the reactor and then it decreases toward the outlet. The maximum temperature of the foam
is generally observed at a position between 0.5 and 1.5 cm from the front surface (except for
the lowest gas flow rate). A flow rate lower than 20 L,/min permits to reach temperatures
above 1400K in the major part of the reactor. Such temperatures are suitable to carry out the
thermal-reduction step, which suggests that the reaction can occur in the whole material. It
may be possible to obtain the required reduction temperatures with a flow rate of 20 L,/min,
but only in a small part of the material (between 1 and 2 cm from the front face). Otherwise,
the material may be destroyed by using gas flow rates lower than 1 L,/min, because the
maximal temperatures are above the melting temperature of the foam (1773K).

The temperature distributions in the solid and the fluid for a foam porosity of 0.7 and an
incident Gaussian solar flux density distribution are presented in Fig. 5. The distributions are
quite different from the previous case with a different porosity (Fig. 3). Indeed, the maximum
temperatures are located at the front surface of the foam, then the temperatures are constant
along the y-axis and change linearly along the symmetry x-axis.

The temperature of the material along the symmetry axis for the same incident solar flux
density distribution is shown in Fig. 6. In this case, the temperature decreases almost linearly
along the receiver and, similarly to the previous case (Fig. 4), the flow rates lower than 20
L./min are necessary to reach the temperatures required in the endothermic thermal reduction
reaction (over 1400K). In addition, the maximal temperature (1834K) is observed for the

lowest gas flow rate, but it is higher than the maximal temperature that can withstand the
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receiver material. The gas flow rate must be above 1 L,/min to keep the temperature below
the melting point of the foam.

The model was then applied to investigate the effect of the foam length on the temperature
distribution. Three different lengths of the receiver were analyzed in figures 7 and 8: x1=2.2
cm, X 2=4.4 cm, and X 3=6.6 cm. The diameter of the foam was kept unchanged (3.5 cm). The
results show that the shorter the receiver length, the lower the solid and fluid temperatures in
the first 60% of the foam length. At the end of the foam (last 40%), the inverse tendency is
obtained: both the solid and fluid temperatures decrease when increasing the receiver length.
The temperature decrease along the x-axis is due to the heat transfer and temperature
compensation between the solid and the gas. Anyway, the temperature difference along the
receiver x-axis is not very large (50-80 K) and so, the receiver length does not affect
significantly the temperature distribution.

Another parametric study was related to the porosity of the material that was already shown to
modify the temperature distribution of the solid (Figs. 3 and 5). In the simulations, several
mean porosities of the foam (0.66, 0.7, 0.8, and 0.9) were considered with the aim of
analyzing their impact on the solid and fluid temperatures. The results of these simulations are
shown in figures 9 and 10 for an incident Gaussian solar flux distribution and an inlet gas
flow rate of 6 L,/min. For the foam temperature profile (Fig. 9), the porosity impacts slightly
the temperature of the solid. The maximal solid temperature is around 1710K, which
corresponds to a porosity of 0.8. This temperature maximum is displaced along the symmetry
axis when increasing the porosity. The temperature displacement along the axis is a
“volumetric effect” that tends to decrease the radiative losses at the inlet, which leads to an
increase of the solid and fluid temperatures at the outlet. Anyway in all the cases, the maximal
temperature is almost the same (around 1700K) and the minimal one is 1300K at the outlet of

the foam. Figure 10 presents the dependence of the fluid temperature on the porosity, which
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shows that the temperature remains almost unchanged whatever the different porosities
considered.

The influence of the foam mean cell size on the temperature distribution was analyzed. Four
representative mean cell sizes (0.155, 0.2, 0.336, and 0.449 cm) were considered and the
values were taken from Wu et al. [26]. The impact of the mean cell size on the foam
temperature profile is not significant (Fig. 11). At the inlet of the foam (first 0.5 cm), the
temperature increases slightly (up to 1720K) when the cell size decreases but, in the
remaining part of the foam, the temperature remains almost constant regardless of the cell size
(temperature difference of 10-20K). As the cell size increases, the radiation losses at the inlet
decrease and the outlet temperatures are higher. It is possible to reach the reduction

temperature (1400K) in the major part of the foam whatever the cell size.

4.2. Reactive flow simulations

I) Reduction Step

The solid and fluid temperature distributions along the x-axis with and without the reduction
reaction are compared in figure 12. As expected, both temperatures decrease when accounting
for the endothermic reduction reaction. In addition, the temperatures of the fluid and the solid
tend to homogenize after about 1 cm from the inlet of the foam. However, the impact of the
reduction reaction on the temperatures is weak (maximum temperature difference below 50K)
although the reaction is highly endothermic. This is due to the fact that the energy required by
the chemical reaction is lower than the energy losses by radiation and convection. The
thermochemical reactor efficiency, defined as the enthalpy change of the reduction reaction

divided by the thermal power input, is less than 1%. This means that the chemical reaction

17



only consumes a low fraction of the energy entering the reactor. An energy-balance reveals
that about 18% of the energy loss resulted from heat convection and 81% resulted from
reradiation from the foam (assuming adiabatic walls without conduction losses). The radiation
losses can be minimized by settling the foam within a cavity with an aperture and by
augmenting the solar flux density such that the aperture size can be reduced. The
thermochemical efficiency can also be improved by increasing the amount of reactive

material coated on the foam.

I1) Hydrolysis Step

The required reaction temperature in the hydrolysis step is lower than the temperature of the
reduction reaction to avoid competition between reactions. Nevertheless it is necessary to
reach temperatures around 1200K. Otherwise, the hydrolysis reaction is not favored because
of kinetic limitations if the temperature is too low or thermodynamic limitations if the
temperature is too high (reduction reaction favored). In order to adjust the temperature of the
receiver, the influence of the incident solar power on the temperature of the solid is studied
(Fig. 13). As a result, the optimal solar power to conduct the hydrolysis step at the desired

temperature of 1200K is at least 500 W and it must not exceed 700 W.

5. Experimental validation

A validation of the reactor model was performed thanks to an experimental campaign without

chemical reaction. The measured experimental data were related to the inlet and outlet

temperatures of the foam. The laboratory-scale solar reactor was settled at the focus of a 2 m-

diameter parabolic solar concentrator. The reactor configuration was similar to the simulated
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system (Fig. 2). The temperature measurements were carried out for gas flow rates of 1, 2, 4,
and 6 L,/min. The inlet temperature (measured on the front face at the center of the irradiated
foam) was obtained by employing a “solar-blind” pyrometer (bandwidth of the filter: 4.9- 5.5
um) fixed at the center of the parabolic mirror. The outlet temperature (measured at the center
of the rear part of the foam) was measured by an optical pyrometer (wavelength of 5.12 um)
located at the backside of the reactor. The measurements were made through fluorine
windows (CaF,) located at the front and at the back of the reactor.

During experiments, the reactor was heated by the solar furnace in a flow of inert gas (2
L./min). The duration to reach the steady-state temperature at the front face (foam inlet) was
about 20 min, whereas steady state condition was not definitely achieved at the foam outlet.
At steady state (front face temperature), the nitrogen flow rate was changed sequentially to 4,
6, and 1 L,/min after a stabilization period between each change. The maximal temperature
reached at the inlet of the foam was 1720K for a N, flow rate of 2 L,/min.

Figure 14 shows the simulation results (steady state temperatures) along with the measured
temperatures of the foam for one typical experiment (with a stable direct normal irradiation of
957 W/m?). According to the simulation predictions, the gas flow rate has a significant impact
on the temperature of the foam, especially at the inlet (Figs. 4 and 6). The temperature
measured experimentally at the inlet of the receiver (front face) tends to decrease when
increasing the N flow rate because of the enhanced heat transfer between the gas and the
solid. Inversely, the temperature at the outlet is not modified significantly when increasing the
gas flow rate. The influence of the gas flow rate on the temperature of the foam is thus in
agreement with the model predictions.

The heating phase shows that steady state temperature is not reached completely, in particular
at the back surface. This temperature continues to rise slightly during the experiment for a

given gas flow rate. This is because the thermal equilibrium in the reactor is not reached. In
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contrast, the temperatures given by simulation are calculated at steady state conditions. The
matching between the simulated and the measured temperatures at the inlet is fairly good
(temperature difference below 100 K). However, the simulations predict lower temperatures
than the measured ones at the outlet of the foam. Anyway, the temperature difference is below
200K. The temperatures discrepancies are mainly due to the model assumptions: a perfectly
insulated receiver is considered in the model resulting in a higher inlet temperature and

radiation heat losses are over-estimated at the outlet resulting in a lower temperature.

6. Conclusions

A 2D - computational fluid dynamic model was developed to predict the reactor performances
at different operational conditions. Simulations were first carried out for a non-reactive flow
and then chemical reactions were implemented.

For a non-reactive flow, the influence of different inert gas flow rates for a Gaussian incident
solar flux distribution (mean incident solar flux density of 1040 kW/m?) was analyzed. The
results showed that gas flow rates lower than 20 L,/min were necessary to reach high enough
temperatures required by the thermal-reduction reaction, namely above 1400K. A minimum
inert gas flow rate (above 1 L,/min) was however required to avoid exceeding the maximum
temperature allowed by the receiver material, which may cause irreversible damage.

Another parametric study was related to the porosity of the ceramic receiver that affects
mainly the temperature distribution in the solid near the front surface of the porous medium.
Numerical simulations revealed that the receiver length does not affect significantly the
temperature distribution of both the solid and the fluid phase. Likewise, changing the mean

cell size leads to negligible change in the foam and fluid temperature distributions.
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Regarding simulations accounting for a reactive flow, the impact of the endothermic reduction
reaction on the temperature distributions was first analyzed, and a temperature decrease
reaching about 50K was evidenced due to the endothermic reaction.

In the case of the hydrolysis reaction producing hydrogen, a parametric study regarding the
incident solar power was performed to adjust the reaction temperature. As a result, a range of
incident solar power of 500-700 W is necessary to reach reaction temperatures of about
1200K in the porous foam receiver. The solid temperature increases when the solar power is
above 700 W, which favors the reduction reaction.

A validation of the model with experimental data was realized. The matching of simulated
and measured temperatures at the inlet of the foam is fairly satisfactory. The simulation and
the sensitivity analysis of this kind of reactor permit to identify the suitable operating
conditions of the designed reactor and the construction parameters in order to obtain the
desired performances. On the basis of these numerical simulations, the solar reactor designed
to carry out the two chemical steps of the process in a semi-continuous mode will be

developed for the production of hydrogen.
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Figure captions

Fig.1. Silicon carbide (SiC) foam

Fig. 2: Cross-section sketch of the solar reactor

Fig 3. Temperature distributions in the fluid (A) and in the foam (B) for an incident Gaussian

solar flux distribution, a porosity of 0.9, and a gas flow rate of 6 L,/min

Fig 4. Temperature profile of the porous reactor along the symmetry axis for several inert gas

flow rates (porosity of 0.9, incident solar radiation with a Gaussian distribution)

Fig. 5. Temperature distributions in the fluid (C) and in the foam (D) for an incident Gaussian

solar flux distribution, a porosity of 0.7, and a gas flow rate of 6 L,/min

Fig 6. Temperature of the foam along the symmetry axis for several inert gas flow rates

(porosity of 0.7, incident solar radiation with a Gaussian distribution)

Fig 7. Temperature of the foam as a function of the dimensionless foam length (X/X,_) for

several reactor lengths (incident Gaussian flux distribution and inlet gas flow rate of 6 L,/min)

Fig 8. Temperature of the fluid as a function of the dimensionless foam length (x/xL) for

several reactor lengths (incident Gaussian flux distribution and inlet gas flow rate of 6 L,/min)
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Fig 9. Temperature of the foam along the x-axis for several porosities (inlet gas flow rate of 6

L/min)

Fig 10. Temperature of the fluid along the x-axis for several porosities (inlet gas flow rate of 6

Ln/min)

Fig 11. Temperature of the foam along the x-axis for different foam mean cell sizes (inlet gas

flow rate of 6 L,/min)

Fig. 12. Fluid (FT) and solid (ST) temperature distributions with and without the reduction

reaction (RR)

Fig. 13. Temperature of the solid along the x-axis for several incident solar powers

Fig. 14. Experimental and calculated temperatures of the foam at the inlet and at the outlet for

N, flow rates of 1, 2, 4, and 6 L,/min and a direct normal irradiation of 957 W.m™=.

Temperatures given by simulation are calculated at steady state conditions.
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Table(s)

Table 1. Data used in the simulations

¢ 0.66-0.7-0.8-0.9

ds (m) 0.002

& (foam emissivity)  0.92

ew (wall emissivity) 0.3

As (W mt K™Y 80

Cps (I kgt K™ 750

ps (kgm™) 3200
AHg (I mol™) 319 000
AH, (I mol™) 286 000
E.r ( mol™) 240 000
E..; (d mol™) 10°

kox (Mol m3 s 10°

Ko (5 35
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