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A B S T R A C T

In this work, the effect of different modeling assumptions and closure models — frequently considered in
the literature of solar thermochemical reactors and closely-related areas — is investigated. The application of
different modeling assumptions and closure models may strongly affect the results accuracy and compromise
a meaningful comparison across literature works. The following is herein investigated: (i) the role of upstream
and downstream fluid regions to the two-phase reactor region; (ii) relevance of species and gas-phase thermal
diffusion mechanisms; (iii) reaction heat accounted for in gas- or solid-phase energy balance equations;
(iv) local thermal equilibrium (LTE) vs. local thermal non-equilibrium (LTNE) models; (v) model dimension
(one-dimensional vs. two-dimensional axisymmetric models); (vi) local volumetric convection heat transfer
correlations; and (vii) effective solid thermal conductivity correlations. The relevance of this work extends
well beyond the current application (methane steam reforming in a volumetric solar reactor), since similar
models and assumptions have also been widely applied for predicting the performance of volumetric solar
absorbers and dry reforming solar reactors. The results show that an upstream fluid region should be considered
while applying inlet first-type boundary conditions and diffusion transport in the corresponding governing
equations to ensure full-conservation and simultaneously to account for developing profiles upstream the
reactor inlet section. For the operating conditions considered, species diffusion and gas-phase heat conduction
are particularly relevant at the reactor centerline but with a negligible integral effect. A significant difference
in the reactor performance is observed while accounting for the reaction heat from surface reactions in the
solid- or gas-phase energy balances — for the lowest inlet gas velocity herein considered, the thermochemical
efficiency (methane conversion) is approximately equal to 70.8% (76.3%) and 77.3% (84.7%) assigning the
reaction heat to the gas- and solid-phase energy balances, respectively. LTE model results are strikingly different
from the results obtained with the LTNE model considering the reaction heat accounted for in the gas-phase
energy balance but not significantly different from the results computed with the LTNE model with the reaction
heat assigned to the solid-phase energy balance. One-dimensional reactor modeling provided with an average
concentrated solar heat flux value results in a similar average performance as that given by a two-dimensional
model but fails to predict the high temperatures observed at reactor centerline — for the lowest inlet gas
velocity, the difference between the maximum solid temperatures predicted by one- and two-dimensional
models is about 340K.
1. Introduction

Much progress has been made in the field of concentrated solar
energy applications that make use of volumetric (porous) structures
for producing high-temperature heat (volumetric solar absorbers) and
for promoting highly endothermic chemical reactions (volumetric solar
thermochemical reactors). This progress has been greatly benefited
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from the application of advanced and highly reliable models and nu-
merical simulation techniques (numerical studies) [1–3]. Although the
interest in developing volumetric solar collector systems emerged in
late 70’s–early 80’s of last century [4,5] — as generally the interest
in concentrated solar power due to the 1970’s oil crisis [6] —, it was
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Nomenclature

𝐴 Area, m2

𝑎𝑣 Specific surface area, m−1

𝑐𝑝 Specific heat, J kg−1 K−1

𝐷𝑇
𝑘 Thermal diffusion coefficient for species 𝑘,

kg m−1 s−1

𝑘𝑗 Binary diffusion coefficient, m2 s−1

𝐷𝑘𝑚 Mixture-average diffusion coefficient for
species 𝑘, m2 s−1

𝑑𝑐 Porous foam mean cell diameter, m
𝑑𝑝 Porous foam mean pore diameter, m
𝐹cat∕geo Ratio of catalytic surface area to geometric

surface area, −
𝐺𝑐 Collimated (incident) solar irradiation,

W m−2

𝐺𝑑 Diffusive irradiation, W m−2

ℎ Specific enthalpy, J kg−1; convection heat
transfer coefficient, W m−2 K−1

ℎ𝑣 Volumetric convection heat transf. coef.,
W m−3 K−1

𝐉𝐤 Diffusive mass flux of species 𝑘, kg m−2 s−1

𝐾 Total number of chemical species, −
𝑚̇ Mass flow rate, kg s−1

𝑃𝑟 Prandtl number, −
𝑝 Pressure, Pa
𝑄0 Total concentrated solar power provided to

the reactor, W
𝑞′′0 Concentrated solar heat flux at the reactor

front section, W m−2

𝐪𝐫 Radiative heat flux, W m−2

𝑅 Ideal gas constant, J kmol−1 K−1

𝑅𝑒 Local Reynolds number, −
𝑟 Transversal (radial) coordinate, m
𝑆 Selectivity, −
𝑠̇𝑘 Production rate of species 𝑘, kmol m−2 s−1

𝑇 Temperature, K
𝑇∞ Surrounding surfaces and fluid tempera-

ture, K
𝑡 Time, s
𝑈 Overall heat transfer coefficient,

W m−2 K−1

𝑢 Axial component of superficial gas velocity,
m s−1

𝐮 Superficial gas velocity, m s−1

𝑉reac Total reactor volume, m3

𝑣 Radial component of superficial gas veloc-
ity, m s−1

𝑊 Mean (mixture) molar weight, kg kmol−1

𝑊𝑘 Molar weight of species 𝑘, kg kmol−1

𝑋𝑘 Mole fraction of species 𝑘, −
𝑥 Longitudinal (axial) coordinate, m
𝑌𝑘 Mass fraction of species 𝑘, −

Greek symbols

𝛽 Extinction coefficient, m−1

𝛥𝑝 Pressure drop along the reactor, Pa

mainly in the 1990’s that the first numerical studies were reported —
see e.g. Refs. [7,8]. Particularly, during the last decade a very large
(unprecedented) number of numerical works has been reported not
2

𝜀 Emissivity, −
𝜂chem Chemical efficiency, −
𝜂𝑡ℎ Thermochemical efficiency, −
𝜅 Absorption coefficient, m−1

𝜆 Thermal conductivity, W m−1 K−1

𝜇 Dynamic viscosity, Pa s−1

𝜌 Density, kg m−3

𝜎 Stefan–Boltzmann constant, W m−2 K−4

𝜎𝑠 Scattering coefficient, m−1

𝜙 Foam porosity, −
𝜒𝑘 Conversion of reactant species 𝑘 −
𝜔̇𝑘 Volumetric production rate of species 𝑘,

kmol m−3 s−1

Subscripts

avg Average
eff Effective
equil Equilibrium state
f ront Reactor front (irradiated) section
𝑔 Gas mixture; gas-phase
in Inlet section; initial state
𝑘 Species 𝑘
out Outlet section
reac Reactor
𝑠 Solid-phase
𝑤 Wall

only from research centers and companies historically committed to the
subject — as during the previous decades, with few exceptions — but
mainly from different and worldwide research groups with disparate
backgrounds and research interests which reveals a widespread engage-
ment of the scientific community on the topic. This engagement has
been driven by a general societal trend towards a decarbonized energy
economy combined with the large availability of multi-disciplinary,
general-purpose, and user-friendly simulation software tools that allow
to accurately predict the operation of solar collectors. Even though
most of the contributions to this field are based on numerical studies,
little attention has been paid to the underlying modeling assumptions
and required closure models — models applied to close the system of
governing equations. Modeling assumptions and closure models may
affect the accuracy of numerical predictions and lead to inconsistent
and conflicting conclusions among different works.

Volumetric solar thermochemical reactors have been extensively in-
vestigated for synthesis gas and hydrogen production through catalytic
reforming (steam, dry and bi-reforming) [9–11] and redox cycles [12,
13]. For open-cell foam reforming reactors (and volumetric solar ab-
sorbers), much attention has been devoted to the following: (i) the
medium pore structure features (porosity and cell/pore diameter) con-
sidering a single uniform structure [9,14–16] and combinations of
different uniform structures [11,16–18]; (ii) the effect of material
(thermophysical) properties — solid-phase intrinsic thermal conduc-
tivity and surface emissivity [15,19,20]; and (iii) operating condi-
tions — feed mixture composition, temperature, and inlet gas velocity,
and concentrated solar flux distribution [14,15,18]. Enhancement of
the reactor performance by reducing heat losses and increasing the
thermal-to-chemical energy conversion has been the main motivation
for these works. With the same concern in mind (performance improve-
ment), other works have suggested reactor designs different than the
conventional tubular single-pass reactor [21–23].
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Due to the typical tubular (cylindrical) foam structure geometry for
the reactor/receiver and operation symmetry along the tangential (cir-
cumferential) direction, two-dimensional (2D) axisymmetric volume-
averaging models have been largely preferred. Numerical predictions
applying the volume-averaging — continuum, continuous-scale, ho-
mogeneous equivalent, or porous medium — approach with suitable
closure models and modeling assumptions are known to agree fairy well
with experimental results. (Pore-scale (direct) numerical simulations,
particularly, on the performance of open-cell foam solar applications
are scarcely found in the literature [24,25] but are extremely relevant
for detailed fluid flow and heat transfer performance investigations in
porous media, as well as for the development of hydrodynamic and
heat transfer correlations (closure models for the volume-averaging
approach) to estimate local and effective medium properties [26–29].)
Nevertheless, there are many underlying modeling assumptions and
closure models that differ among works applying the volume-averaging
method on this topic. Different correlations to compute convection heat
transfer coefficients, effective solid thermal conductivities, and radia-
tive properties have been considered. (Particularly, for volumetric solar
absorbers, several works discuss the results obtained with different
correlations to compute convection heat transfer coefficients [14,30–
33] — even though some of such correlations were developed for
different hydrothermal conditions, geometrical parameters, and porous
media (packed bed, open-cell foams, wire meshes, and honeycomb
monoliths) — and radiative properties [33,34]). Different radiative
heat transfer models have been applied and compared [34–37]. One-
dimensional (1D) models have been considered to decrease the overall
model complexity — see Refs. [34,38,39] and Ref. [40] for volumet-
ric solar absorbers and solar thermochemical reactors, respectively.
Single- and two-phase energy models have also been applied — local
thermal equilibrium (LTE) [41–44] and local thermal non-equilibrium
(LTNE) [14,18,45] approaches, respectively —, even though it is largely
accepted, particularly for the performance prediction of volumetric so-
lar absorbers, that LTE models should be avoided because these models
may lead to a significantly different operation [34]. Concerning the
heat conduction in the solid phase, two different correlations (differing
by a factor of 1/3) have been applied for computing the effective solid
thermal conductivity of open-cell foams — see Refs. [15,34,46]. As far
as the authors are aware, the effects of model dimension (1D vs. 2D
xisymmetric models), external heat transfer resistance (negligible (LTE
odel) vs. finite (LTNE model)), and correlations for external (convec-

ion) heat transfer coefficient and effective solid thermal conductivity
n the performance of methane steam reforming carried out in solar
olumetric thermochemical reactors are lacking in the literature.

Moreover, in the literature related to numerical investigations of
olar thermochemical reactors (and volumetric solar receivers), an
pstream (entry) fluid region to the inlet section is rarely applied. This
s particularly relevant if combined with inappropriate inlet boundary
onditions to the set of governing equations — such as first-type
Dirichlet) boundary conditions for governing equations featuring dif-
usive terms applied at boundaries with very high gradients. (Note that
ery steep gas temperature and species mass fraction profiles establish
t the reactor inlet section.) Several works clearly state the application
f Dirichlet inlet boundary conditions along with transport equations
ncluding diffusive terms and neglecting the application of an upstream
luid region — that would be required to minimize gradients at the inlet
ection —, see Refs. [12,20,47–49]. Issues related to non-conservation
f solved scalars may arise applying inappropriate boundary conditions
r, similarly, due to an unsuitable computational domain for a specific
ind of boundary conditions. In the literature, authors from other
ields deal with this issue (solved scalars full-conservation) by applying
anckwerts boundary conditions that allow to consider simultaneously
dvective and diffusive fluxes without applying an upstream fluid
egion — to decrease the relevance of diffusive fluxes at the inlet
ection — and still, considering diffusion transport mechanisms in the
3

overning equations — see Refs. [50–53]. c
For LTNE models, numerical investigations on solar reforming reac-
ors have generally considered the net thermal energy consumption by
urface-catalyzed (heterogeneous) chemical reactions (reaction heat)
ccounted for in the gas-phase energy balance. However, the reaction
eat is assigned to the solid-phase energy balance by other authors
orking in the field of solar thermochemical reactors — particularly,
ased on redox cycles [12,13] —, and by the majority of authors in
losely-related areas that apply the same kind of porous and supported
atalyst reactors (heterogeneous catalytic reactors) for similar appli-
ations — although not considering concentrated solar power as the
nergy source [54–58]. This last assumption relies on the fact that
ince reactions take place at the surface of the solid phase, the reaction
eat should be accounted for in the solid-phase energy balance because
he thermal resistance between the solid surface and the bulk solid
hase is lower than between the solid surface and the bulk gas phase.
ssigning the reacting heat from surface reactions to the solid-phase
nergy balance has been applied from the first records of numerical
odeling works on heterogeneous (catalytic) reactors — see Ref. [59].
he only reaction heat contribution assigned to the gas-phase energy
alance that is usually considered in the literature corresponds to the
et heat consumption/release due to homogeneous (gas-phase) chemi-
al reactions. To the authors’ knowledge, no investigation is available
n the impact of assigning the reaction heat from surface (catalytic)
eactions to the gas-phase energy balance for solar thermochemical
eforming reactors.

The applied mathematical and numerical models have been poorly
escribed in many papers of this field. This may hinder the feasibility of
esults reproduction and comparison with other works. In some works,
overning equations are missing. Frequently, an incomplete set of
oundary conditions are provided — only for particular solved scalars
nd for a limited number of domain boundaries (generally, neglecting
he lateral wall) — and zero-radial derivatives at the exit section have
lso been (misleadingly) stated and repeated in different works. The
rinciple of dimensional homogeneity has been violated in several
orks while summing different contributions for governing equation

ource terms having different dimensions. Furthermore, closure models
nd the required coefficients for computing species diffusive or gas
ixture heat conduction transport rates have also not been provided

n many works. Some authors neglect species diffusion and gas-phase
hermal diffusion transport mechanisms [34,38,40]. In other works,
he species mass balance equation is not presented [14,60–62] which
estricts any direct conclusion about the consideration of species diffu-
ion transport mechanisms in the mathematical model. Moreover, the
elevance of species diffusion and gas-phase heat conduction mecha-
isms has not been analyzed for solar-aided methane steam reforming
n volumetric thermochemical reactors.

In this work, the effect of different modeling assumptions and
losure models that have been frequently considered in the literature
f solar thermochemical reactors and closely-related application areas
s investigated. Different modeling assumptions and closure models
ay affect the results accuracy and compromise a meaningful com-
arison across literature works. Particularly, the following is herein
nvestigated: (i) the role of upstream and downstream fluid regions
o the two-phase reactor region; (ii) relevance of species and gas-
hase thermal diffusion mechanisms; (iii) reaction heat accounted for
n gas- or solid-phase energy balance equations; (iv) LTE vs. LTNE
odels; (v) model dimension (1D vs. 2D axisymmetric models); (vi)

ocal volumetric convection heat transfer correlations; and (vii) effec-
ive solid thermal conductivity correlations. (The last two topics of
his investigation (topics (vi)–(vii)) are concerned with the application
f different closure models while the remaining topics are related to
odeling assumptions.) Prior to the investigation on the impact of

he stated assumptions and models, chemical equilibrium calculations
re presented to provide guidance on the actual reactor performance
nd a detailed characterization of the reactor operation is analyzed

onsidering two operation modes: non-reactive and reactive. Reactor
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geometric parameters, material properties, and operating conditions
are defined in full accordance with typical values observed in previous
works to enlarge the relevance of this study among the literature avail-
able. Although this investigation is carried out considering methane
steam reforming in a volumetric reactor, the relevance of this work
extends well beyond solar thermochemical applications since similar
models and assumptions have also been widely applied for predicting
the performance of volumetric solar absorbers.

This paper is organized as follows. In the next section (Section 2),
the physical model of the solar reactor herein considered is intro-
duced. In Section 3, the reference mathematical and numerical models
are presented in detail and, subsequently, validated against bench-
mark data gathered from different references. The results are presented
and discussed in Section 4. Finally, brief conclusions are provided in
Section 5.

2. Physical model — concentrating solar reactor model descrip-
tion

The physical model of the reactor is presented in Fig. 1. The reactor
comprises a ceramic foam structure with a cylindrical shape that is
held in place by a tubular housing structure. The reactor radius (𝑅reac)
and length (𝐿reac) are equal to 0.02 m and 0.04 m, respectively. The
reactor is placed in the solar collector system in such a way that the
focal point of the solar concentration (reflection) system — parabolic
dish (not shown in Fig. 1) — is located at the point with 𝑥 and 𝑟
coordinates both equal to zero (see the coordinate system in Fig. 1).
Calculation of the concentrated solar irradiation distribution at the
irradiated (front) reactor section — applying, for instance, Monte Carlo
ray tracing algorithms — is outside the scope of this work. Instead,
a commonly considered concentrated solar irradiation distribution is
prescribed at 𝑥 = 0. For improving the accuracy of numerical predic-
tions, the physical domain of the reactor — particularly, the gas-phase
region — is extended upstream and downstream the reactor solid phase,
along 𝐿upstr and 𝐿downstr , respectively — see Fig. 1. The reactive feed
gas mixture is provided to the reactor at 𝑥 = −𝐿upstr . 𝐿upstr and 𝐿downstr
are considered equal to 0.01 m.

The solar thermochemical porous reactor is composed by a silicon
carbide (SiC) open-cell foam with the geometrical (morphological)
parameters listed in Table 1. The values for this set of parameters
were gathered from literature [63]. These values are physically fully
consistent with each other since they were evaluated experimentally
considering an actual (real) foam sample.

3. Mathematical and numerical models

In this work, the reactor gas and solid phases are described by the
volume-averaging approach. A 2D axisymmetric model is considered
due to the reactor geometrical and operation symmetry along the

Fig. 1. Schematic (two-dimensional axisymmetric) representation of the solar
thermochemical reactor.
4

Table 1
Geometrical parameters of the SiC foam (reactor porous structure).

Geometrical parameter Value

Specific surface area, 𝑎𝑣 [m−1] 2360
Cell diameter, 𝑑𝑐 [m] 1.65 × 10−3

Pore diameter, 𝑑𝑝 [m] 7.17 × 10−4

Porosity, 𝜙 [–] 0.87

angular direction. Nevertheless, the governing equations and boundary
conditions are presented in a coordinate-free vector form.

The set of equations described in this section comprises the ref-
erence mathematical model. The relevance of particular modeling as-
sumptions and closure models is investigated by tailoring the reference
mathematical model accordingly and comparing the corresponding
results to the results computed with the reference model.

3.1. Governing equations

3.1.1. Continuity and momentum balance equations
The overall mass conservation (continuity) equation and the mo-

mentum balance equations along each coordinate direction are given
by Eqs. (1) and (2), respectively. In these equations, 𝜌𝑔 , 𝜇𝑔 , 𝜙, 𝐮,
and 𝑝 correspond to the gas density, dynamic viscosity, foam porosity,
superficial velocity, and pressure, respectively.

𝜙
𝜕𝜌𝑔
𝜕𝑡

+ ∇ ⋅
(

𝜌𝑔𝐮
)

= 0 (1)

𝜙
𝜕
(

𝜌𝑔𝑢𝑖
)

𝜕𝑡
+ ∇ ⋅

(

𝜌𝑔𝑢𝑖𝐮
)

= ∇ ⋅
{

𝜇𝑔∇𝑢𝑖+

[

𝜇𝑔 (∇𝐮)𝑇 − 𝑝 − 2
3
𝜇𝑔∇ ⋅ 𝐮

]

𝐢𝑖
}

+ 𝑆𝑀,𝑖

(2)

To account for momentum losses in the porous foam (reactor) region,
non-negligible momentum source terms are considered. The source
term for each component of the momentum balance equations is com-
puted taking into account the viscous and inertial permeability coeffi-
cients for the Darcy–Forchheimer pressure drop correlation derived ex-
perimentally by Chen et al. [15] — see Eq. (3). These coefficients were
developed considering foams with porosity values between 0.87–0.97
and for the range 20 ≤ 𝜌𝑔 |𝐮| 𝑑𝑝∕

(

𝜙𝜇𝑔
)

≤ 2800. Other body forces are
neglected in momentum source terms.

𝑆𝑀,𝑖 = −44.5
𝜙𝑑2𝑝

𝜇𝑔𝑢𝑖 −
0.55
𝜙2𝑑𝑝

𝜌𝑔 |𝐮| 𝑢𝑖 (3)

Eqs. (1) and (2) apply to the entire reactor domain — including
upstream and downstream the reactor (single-phase (fluid) regions).
However, upstream and downstream the reactor, the porosity is set
equal to unity and no momentum source terms are applied. (Although
the model is applied for steady-state and incompressible flow condi-
tions, Eqs. (1) and (2) et seq. retain the related terms for the sake of
completeness and generality as it is usual in the literature.)

3.1.2. Species mass balance equations
The reactor is assumed to operate under the kinetic control. Species

mass balance equations are given by Eq. (4), where 𝑌𝑘 corresponds to
the species 𝑘 mass fraction. The species mass balance equations account
simultaneously for the advective and diffusive transport mechanisms
— second and first terms on the left-hand side (LHS) and right-hand
side (RHS), respectively, of Eq. (4). Species diffusive mass fluxes are
computed with Eq. (5), according to which species diffusion is driven
by species mass fraction (spatial) gradients and also by gas tempera-
ture (𝑇𝑔) gradients (Soret effect). Species (mixture-averaged) diffusion
coefficients (𝐷𝑘𝑚) and thermal diffusion coefficients (𝐷𝑇

𝑘 ) are calculated
as stated in the upcoming sections — see Section 3.2. Species mass
production/depletion rates due to heterogeneous reactions — chemical
reactions taking place on active (catalytic) sites that are available on
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the solid structure (foam) surface — are accounted for through the last
term on the RHS of Eq. (4).

𝜙
𝜕
(

𝜌𝑔𝑌𝑘
)

𝜕𝑡
+ ∇ ⋅

(

𝜌𝑔𝑌𝑘𝐮
)

= −∇ ⋅ 𝐉𝑘 + 𝜔̇𝑘𝑊𝑘
(4)

𝐉𝑘 = −𝜌𝑔𝜙𝐷𝑘𝑚∇𝑌𝑘 − 𝜙𝐷𝑇
𝑘

∇𝑇𝑔
𝑇𝑔

(5)

pecies volumetric production rates on a molar basis are computed
ccording to Eq. (6), where 𝑠̇𝑘 and the product 𝑎𝑣𝐹cat∕geo correspond
o the species molar production rates per unit active surface area and
o the catalytically active specific surface area, respectively. Surface
hemical production rates are evaluated at the reactor solid-phase
emperature (𝑇𝑠) — unless otherwise stated. Surface chemistry is only
ccounted for in the reactor porous region domain — 0 < 𝑥 < 𝐿reac and
< 𝑟 < 𝑅reac (see Fig. 1).

𝜔̇𝑘 = 𝑠̇𝑘
(

𝑌𝑘, 𝑇𝑠
)

𝑎𝑣𝐹cat∕geo (6)

The homogeneous (gas-phase) conversion pathway between reac-
tants and products is herein neglected in full accordance with previous
works on solar thermochemical applications under reactive [11,19,21]
and non-reactive operation modes [30,60]. This is also a common
assumption for millisecond contact time catalytic reactors operating
at the atmospheric pressure and relying on alternative energy sources
to solar radiation to promote endothermic chemical reactions [64–67]
but whose relevant fundamental principles and governing equations are
basically the same as the ones herein considered.

Upstream and downstream the reactor (two-phase) region, the
porosity in Eqs. (4) and (5) is set equal to unity and the species source
term does not apply.

3.1.3. Energy balance equations
Unless otherwise stated, the LTNE approach is herein considered

to take into account the large temperature differences between solid
and gas phases that characterize the operation of thermochemical en-
ergy solar applications, particularly near the irradiated (front) section.
Therefore, independent energy balance equations for the gas and solid
phases are considered.

Gas-phase energy balance equation. Eq. (7) corresponds to the energy
balance equation for the reactor bulk gas phase. In Eq. (7), ℎ𝑔 , 𝜆𝑔,eff ,
and ℎ𝑣 are the gas mixture specific enthalpy, effective gas thermal con-
ductivity, and volumetric convection heat transfer coefficient, respec-
tively. The effective gas thermal conductivity is calculated according
to Eq. (8), where 𝜆𝑔 is the clear (intrinsic) fluid thermal conductivity
— computed as stated in Section 3.2. Eq. (7) accounts for the following
energy transport mechanisms: (i) energy advective transport (second
term on the LHS); (ii) diffusive transport of energy through heat
conduction (first term on the RHS) and due to species mass diffusion
(second term on the RHS) — Dufour effect (heat transfer due to species
mass fraction gradients) is neglected; and (iii) convective heat transfer
(third term on the RHS). Convective heat transfer couples the gas-phase
and solid-phase energy balance equations.

𝜙
𝜕
(

𝜌𝑔ℎ𝑔
)

𝜕𝑡
+ ∇ ⋅

(

𝜌𝑔ℎ𝑔𝐮
)

= ∇ ⋅
(

𝜆𝑔,eff∇𝑇𝑔
)

−
K
∑

𝑘=1
∇ ⋅

(

ℎ𝑘𝐉𝑘
)

+

ℎ𝑣
(

𝑇𝑠 − 𝑇𝑔
)

− 𝑆chem

(7)

𝜆𝑔,eff = 𝜙𝜆𝑔 (8)

Radiative heat transfer in the gas phase is neglected due to the small
ptical thickness and to the radiative properties of the gas mixture, in
ull accordance with the literature. Moreover, under practical condi-
ions of interest (low-speed flow conditions), mechanical compression
𝐷𝑝∕𝐷𝑡) and viscous dissipation (𝛷) effects are negligible, and con-
equently, the corresponding terms are not featured in the gas-phase
5

nergy balance equation. b
For the current porous media type (open-cell foam) and fluid flow
nd thermal conditions, the local volumetric convection heat trans-
er coefficient can be computed considering the empirical correlation
eveloped with different foam samples applying the transient (single-
low) method by Xia et al. [32] — see Eq. (9), where 𝑅𝑒 (≡ 𝜌𝑔 |𝐮| 𝑑𝑝∕𝜇𝑔)

and 𝑃𝑟 (≡ 𝜇𝑔𝑐𝑝,𝑔∕𝜆𝑔) correspond to local Reynolds and Prandtl num-
bers, respectively. This correlation was developed considering foam
samples with porosities in the range 0.87–0.97 and for the range
20 ≤ 𝑅𝑒 ≤ 103. This correlation has been applied elsewhere [15,68].

ℎ𝑣 =
𝜆𝑔
𝑑2𝑝

0.34𝜙−2𝑅𝑒0.61𝑃𝑟1∕3 (9)

The chemical source term (𝑆chem) is considered in the gas-phase
energy balance equation to withdraw any thermal effect (heat con-
sumption) due to chemical reactions from the gas-phase energy balance
equation. Note that the adopted formulation for the gas-phase thermal
energy balance equation — where the dependent (solved) variable
corresponds to the gas mixture specific enthalpy (related to the gas
temperature through the corresponding equation of state (Eqs. (26)
and (28))) — takes inherently into account the effects of species pro-
duction/consumption (reaction heat) without applying explicitly the
corresponding term as it is required for the energy balance equation for-
mulation considering the temperature as the dependent variable [69–
71]. This procedure is applied (unless otherwise stated) because ther-
mal effects of chemical reactions (𝑆chem) are assigned to the solid-phase
energy balance equation. Assigning the net thermal effect from catalytic
heterogeneous chemical reactions to the solid-phase energy balance
equation is a modeling assumption broadly applied in the literature
concerning two-phase energy (LTNE) mathematical models developed
for predicting the performance of heterogeneous catalyst reactors — see
Refs. [55,56,72–75]. However, in the field of concentrated solar power
thermochemical applications related to catalytic reforming, thermal
effects due to chemical reactions have been assigned to the gas-phase
energy balance equation. (Concerning solar H2O∕CO2–splitting redox
cycles and redox hydrocarbon reforming on metal oxide materials, heat
consumption at the reduction step and heat release at the oxidation
step have been properly considered in the solid-phase energy balance
equation — see Refs. [12,13].) The chemical source term is computed
considering Eq. (10), where the species specific enthalpy (ℎ𝑘) is eval-
uated at the gas (solid) temperature if the species is being consumed
(created) according to Eq. (11). This procedure to remove the net
heat release/consumption due to surface chemical reactions from the
gas-phase energy balance equation — and to assign it to the solid-
phase energy balance equation (see Eqs. (12) and (14)) — has been
considered elsewhere [76–78].

𝑆chem = −
K
∑

𝑘=1
ℎ𝑘 (𝑇 ) 𝜔̇𝑘𝑊𝑘 (10)

𝑘 (𝑇 ) =

{

ℎ𝑘
(

𝑇𝑠
)

, 𝜔̇𝑘 ≥ 0
ℎ𝑘

(

𝑇𝑔
)

, 𝜔̇𝑘 < 0
(11)

Outside the two-phase reactor region (𝑥 < 0 and 𝑥 > 𝐿reac), the
onvective heat transfer term does not apply, the chemical source
erm is absent, and the porosity required to compute the effective gas
hermal conductivity (Eq. (8)) is set equal to unity.

olid-phase energy balance equation. The solid-phase energy balance
quation is given by Eq. (12). In this equation, 𝜆𝑠,eff corresponds to
he effective solid-phase thermal conductivity computed with Eq. (13),
here 𝜆𝑠 corresponds to the intrinsic (pure phase) solid thermal con-
uctivity and the one-third factor is included to account for the solid
onduction path tortuosity [79,80]. The solid-phase temperature gov-
rning equation (Eq. (12)) takes into account heat diffusion in the
olid-phase (first term on the RHS), convective heat transfer (second
erm on the RHS), and a volumetric rate of thermal energy generation
last term on the RHS). The source term of the solid-phase energy
alance equation (𝑆 ) is calculated according to Eq. (14) that takes
𝑠
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—

simultaneously into consideration the net power contribution from
radiative heat transfer within the porous structure (𝑆rad) and chemical
eactions (𝑆chem — computed in agreement with Eq. (10)). The net
adiative heat source term (𝑆rad) takes into account two contributions:
i) the rate of concentrated solar energy locally absorbed; and (ii) the
ong-wave radiative heat transfer rate within the foam cellular struc-
ure including with the surrounding (external and low-temperature)
urfaces. This term is computed within the framework of a suitable
adiative heat transfer model application.

1 − 𝜙)
𝜕
(

𝜌𝑠𝑐𝑝,𝑠𝑇𝑠
)

𝜕𝑡
= ∇ ⋅

(

𝜆𝑠,eff∇𝑇𝑠
)

− ℎ𝑣
(

𝑇𝑠 − 𝑇𝑔
)

+ 𝑆𝑠
(12)

𝜆𝑠,eff =
1
3
(1 − 𝜙) 𝜆𝑠 (13)

𝑠 = 𝑆rad + 𝑆chem (14)

.1.4. Radiative transfer equation
Different strategies have been applied in the literature to calculate

he net radiative heat transfer for high-temperature volumetric solar
pplications. Monte Carlo ray tracing has been applied to evaluate
he concentrated solar power (short-wave radiative heat contribution)
bsorbed locally by the solid phase (extinction volume) prior to any
omputational fluid dynamics (CFD) numerical simulation [9,24,25,
7,49]. (In alternative, Beer’s law has also been considered [22,26,
2,43,81,82], as well as emulating the concentrated solar radiation
hrough a diffusive emission source [8,83–85].) Subsequently, the P1
adiative heat transfer model — that takes into account the long-wave
adiative heat transfer — is solved simultaneously with the fluid flow
overning equations and solid-phase energy balance equation (with
he prescribed short-wave radiative heat transfer contribution com-
uted previously) [9,22,47]. (Alternatively, for the volume-averaging
pproach, the Rosseland approximation has been applied [20,81,82],
nd particularly, for discrete pore-scale numerical simulations, the
urface-to-surface radiation exchange model (net radiation method)
as also been considered [24,86] as well as the discrete ordinates
odel [26] and discrete transfer radiation model [25] assuming the

as radiatively non-participant.)
In alternative to such a two-step coupling approach, the modi-

ied P1 approximation allows the simultaneous consideration of both
hort-wave (solar) and long-wave (thermal) radiative heat transport.
his method has been extensively applied in the literature due to its
implicity and fairy good performance prediction. The modified P1
pproximation is given by Eq. (15). In this equation, 𝜅 and 𝜎𝑠 are the
bsorption coefficient and the scattering coefficient, respectively, and
𝑑 and 𝐺𝑐 correspond to the diffusive irradiation and collimated (inci-
ent) solar irradiation, respectively. The local value of the collimated
olar irradiation is calculated with Eq. (16), where 𝑞′′0 , 𝛽, and 𝑥 are the
oncentrated solar irradiation at the reactor irradiated (front) section,
he porous foam extinction coefficient, and the local axial position
ithin the reactor, respectively. (The reactor front section is located
t 𝑥 = 0 — see Fig. 1.) The radial distribution for the concentrated
olar heat flux at the reactor front section — due to the application
f concentrator devices, such as a parabolic dish — is commonly
onsidered as an exponential distribution given by Eq. (17) [12]. In
his equation, the parameters 𝐴 and 𝐵 define the concentrated solar
rradiation peak value (observed at 𝑟 = 0 for a non-uniform distribution

distribution for which 𝐵 ≠ 0) and the parameter that controls
he profile non-uniformity, respectively. (Higher values for 𝐵 lead to
teeper irradiation profiles.)

∇ ⋅

(

1
3
(

𝜅 + 𝜎𝑠
)∇𝐺𝑑

)

= 𝜅
(

4𝜎𝑇 4
𝑠 − 𝐺𝑑

)

+ 𝜎𝑠𝐺𝑐 (15)

𝐺𝑐 (𝑟, 𝑥) = 𝑞′′0 (𝑟) exp (−𝛽𝑥) (16)

′′ ( 2) (17)
6

𝑞0 (𝑟) = 𝐴 exp −𝐵𝑟
After computing the solution for the diffusive irradiation (𝐺𝑑) —
applying Eq. (15) and suitable boundary conditions (see Section 3.3)
—, the total irradiation (𝐺 ≡ 𝐺𝑑 + 𝐺𝑐) is calculated and applied
to determined the net radiative heat source term for the solid-phase
energy balance equation (𝑆rad ≡ −∇ ⋅ 𝐪𝐫 = −𝜅

(

4𝜎𝑇 4
𝑠 − 𝐺

)

).

.1.5. Surface chemistry model equations
The species molar production/depletion rates per unit active surface

rea are evaluated with Eq. (18). In this equation, 𝜈𝑘𝑖, 𝐾𝑔 and 𝐾𝑠
are the net stoichiometric coefficient for species 𝑘 in reaction 𝑖, the
total number of gas-phase species, and the total number of surface (ad-
sorbed) species considered in the detailed surface reaction mechanism,
respectively.

𝑠̇𝑘
(

𝑌𝑘, 𝑇𝑠
)

=
𝐼
∑

𝑖=1
𝜈𝑘𝑖𝑘𝑖

𝐾𝑔+𝐾𝑠
∏

𝑗=1
𝑐
𝜈′𝑗𝑖
𝑗 (18)

he concentration of species 𝑗 (𝑐𝑗 in Eq. (18)) is calculated according
o Eq. (19), where 𝜃𝑗 , 𝛤 , and 𝜎𝑗 are the (surface) species 𝑗 site fraction,
he surface site density, and the number of surface sites occupied by
he surface species 𝑗, respectively.

𝑗 =

{

𝑌𝑗𝜌𝑔∕𝑊𝑗 , gas-phase species
𝜃𝑗𝛤∕𝜎𝑗 , surface species

(19)

he (forward) rate constant of reaction 𝑖 (𝑘𝑖 in Eq. (18)) is given
y Eq. (20) for adsorption reactions and by Eq. (21) for surface and
esorption reactions. (Eq. (21) presents a modified Arrhenius expres-
ion with surface coverage dependency — parameters 𝜇𝑘𝑖 and 𝜖𝑘𝑖 that
odify the pre-exponential factor (𝐴𝑖) and activation energy (𝐸𝑖),

espectively). In Eq. (20), 𝛾𝑖 and 𝜏 are the sticking coefficient of gas-
hase species 𝑖 and the sum of the stoichiometric coefficients of all
urface reactants, respectively, in the adsorption reaction of species
. The solid-phase reactor temperature is considered to compute the
eaction rate constants.

𝑖 =
𝛾𝑖
𝛤 𝜏

√

𝑅𝑇𝑠
2𝜋𝑊𝑖

(20)

𝑖 = 𝐴𝑖𝑇
𝛽𝑖
𝑠 exp

(

−𝐸𝑖
𝑅𝑇𝑠

) 𝐾𝑠
∏

𝑘=1
𝜃𝜇𝑘𝑖𝑘 exp

(

−
𝜖𝑘𝑖𝜃𝑘
𝑅𝑇𝑠

)

(21)

Surface species site fractions are governed by Eq. (22). At steady-state
conditions, this equation implies a zero net production rate of surface
species 𝑘. More details on modeling the rates of heterogeneous catalytic
reactions can be found elsewhere [87,88].
𝑑𝜃𝑘
𝑑𝑡

=
𝑠̇𝑘𝜎𝑘
𝛤

(22)

The detailed multistep surface reaction mechanism developed by
Deutschmann and co-workers [89] for methane steam reforming over
Rh∕Al2O3 catalysts is herein applied. This mechanism is composed by
48 elementary and irreversible reactions, 6 gas-phase species (CH4,
O2, H2O, CO2, H2, and CO), and 12 surface species. The surface site
ensity was set equal to 2.72 × 10−9 mol cm−2 in full agreement with
he literature [64,89].

.2. Thermophysical and radiative properties

The gas mixture density is computed applying the ideal gas law
Eq. (23), where 𝑊 corresponds to the gas molar weight given

by Eq. (24).

𝜌𝑔 =
𝑝𝑊
𝑅𝑇𝑔

(23)

1
𝑊

=
𝐾𝑔
∑

𝑘=1

𝑌𝑘
𝑊𝑘

(24)

The gas mixture specific heat and specific enthalpy are calculated
with Eqs. (25) and (26), respectively. In these equations, the single
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species specific heat and enthalpy are computed according to the
temperature polynomials presented by Eqs. (27) and (28), respectively.
The species coefficients required in Eqs. (27) and (28) were collected
from the GRI-Mech 3.0 database [90].

𝑐𝑝,𝑔 =
K
∑

𝑘=1
𝑌𝑘𝑐𝑝,𝑘 (25)

ℎ𝑔 =
K
∑

𝑘=1
𝑌𝑘ℎ𝑘 (26)

𝑐𝑝,𝑘𝑊𝑘

𝑅
= 𝑎1,𝑘 + 𝑎2,𝑘𝑇𝑔 + 𝑎3,𝑘𝑇

2
𝑔 + 𝑎4,𝑘𝑇

3
𝑔 + 𝑎5,𝑘𝑇

4
𝑔

(27)

ℎ𝑘𝑊𝑘
𝑅

= 𝑎1,𝑘𝑇𝑔 +
𝑎2,𝑘
2

𝑇 2
𝑔 +

𝑎3,𝑘
3

𝑇 3
𝑔 +

𝑎4,𝑘
4

𝑇 4
𝑔 +

𝑎5,𝑘
5

𝑇 5
𝑔 + 𝑎6,𝑘 (28)

The gas mixture dynamic viscosity is computed according to the
Wilke formula that is given by Eq. (29), where 𝑋𝑘 corresponds to
the species mole fraction (calculated considering Eq. (30)) and 𝛷𝑘𝑗 is
calculated with Eq. (31).

𝜇𝑔 =
𝐾𝑔
∑

𝑘=1

𝑋𝑘𝜇𝑘
∑𝐾𝑔

𝑗=1 𝑋𝑗𝛷𝑘𝑗

(29)

𝑘 = 𝑊
𝑊𝑘

𝑌𝑘 (30)

𝛷𝑘𝑗 =
1
√

8

(

1 +
𝑊𝑘
𝑊𝑗

)−1∕2
[

1 +
(

𝜇𝑘
𝜇𝑗

)1∕2 (𝑊𝑗

𝑊𝑘

)1∕4]2

(31)

The species diffusion coefficients in the gas mixture and the gas mixture
thermal conductivity are calculated according to Eqs. (32) and (33),
respectively.

1
𝐷𝑘𝑚

=
K
∑

𝑗≠𝑘

𝑋𝑗

𝑘𝑗
+

𝑋𝑘
1 − 𝑌𝑘

K
∑

𝑗≠𝑘

𝑌𝑗
𝑘𝑗

(32)

𝜆𝑔 = 1
2

( K
∑

𝑘=1
𝑋𝑘𝜆𝑘 +

1
∑K

𝑘=1 𝑋𝑘∕𝜆𝑘

)

(33)

Pure (individual) species transport coefficients (𝜇𝑘, 𝑘𝑗 , and 𝜆𝑘) were
computed in accordance with the standard kinetic theory considering
the transport database gathered from GRI-Mech 3.0 [90].

For the solid matrix (SiC foam), an intrinsic thermal conductivity
(𝜆𝑠) equal to 80 W m−1 K−1 is considered in agreement with the
literature [12,91]. The radiative properties 𝜅, 𝜎𝑠, and 𝛽 are calculated
according to Eqs. (34), (35), and (36), respectively, that take into
account the foam porosity, strut surface emissivity (𝜀), and foam mean
pore diameter (𝑑𝑝) [92,93]. In this work, the foam strut surface emis-
sivity is set equal to 0.92 in agreement with the literature [9,12,18].

𝜅 =
3𝜀 (1 − 𝜙)

2𝑑𝑝
(34)

𝑠 =
3 (2 − 𝜀) (1 − 𝜙)

2𝑑𝑝
(35)

≡ 𝜅 + 𝜎𝑠 =
3 (1 − 𝜙)

𝑑𝑝
(36)

.3. Boundary conditions

At the domain inlet section (Section 𝑥 = −𝐿upstr — see Fig. 1), the
as axial and radial (superficial) velocity components are prescribed
ccording to Eqs. (37) and (38), respectively, and the gas temperature
nd species composition are imposed as stated by Eqs. (39) and (40),
espectively. Therefore, Dirichlet (first-type) boundary conditions are
onsidered for the velocity, species mass fractions, and gas mixture
emperature (gas mixture specific enthalpy) at the inlet section.
7

= 𝑢in (37) t
= 0 (38)

𝑔 = 𝑇𝑔,in (39)

𝑘 = 𝑌𝑘,in (40)

At the centerline, axial symmetry conditions are considered for
he velocity components (Eqs. (41) and (38)), species mass fractions
Eq. (42)), gas and solid temperatures (Eqs. (43) and (44), respectively),
nd diffusive irradiation (Eq. (45)). In the equations considered in this
ection, 𝐧 corresponds to the unit outward normal vector to the surface
here each equation applies.

𝑢 ⋅ 𝐧 = 0 (41)

𝑌𝑘 ⋅ 𝐧 = 0 (42)

𝑇𝑔 ⋅ 𝐧 = 0 (43)

𝑇𝑠 ⋅ 𝐧 = 0 (44)

𝐺𝑑 ⋅ 𝐧 = 0 (45)

At the outer surface (𝑟 = 𝑅reac) and for 0 ≤ 𝑥 ≤ 𝐿reac, the no-slip
oundary condition (Eq. (46)) is applied, thermal equilibrium between
oth phases (Eq. (47)) is considered as well as heat flux continuity
Eq. (48)) and the Marshak’s boundary condition (Eq. (49)).

= 𝑣 = 0 (46)

𝑔 = 𝑇𝑠 (47)

𝑠,eff∇𝑇𝑠 ⋅ 𝐧 = −𝜆𝑔,eff∇𝑇𝑔 ⋅ 𝐧 + 𝐪𝐫 ⋅ 𝐧 + 𝑈
(

𝑇∞ − 𝑇𝑠
)

(48)

𝐫 ⋅ 𝐧 ≡ − 1
3𝛽

∇𝐺𝑑 ⋅ 𝐧 = −
𝜖𝑤

(

4𝜎𝑇 4
𝑤 − 𝐺𝑑

)

+ 4
(

1 − 𝜖𝑤
)

𝐻𝑐

2
(

2 − 𝜖𝑤
) (49)

In Eq. (48), 𝑈 denotes the overall heat transfer coefficient, which for
a perfectly insulated reactor lateral wall is equal to zero. Eq. (48)
corresponds to an energy balance applied to the outer reactor surface
stating that the sum between the conduction heat flux of the solid
phase (first term on the LHS), the conduction heat flux of the gas
phase (first term on the RHS), and the heat flux lost through the
outer reactor surface to the external environment (third term on the
RHS) must equal the net radiative heat flux to the lateral wall (second
term on the RHS — calculated in accordance with Eq. (49)). In the
literature, the radiative heat flux contribution in Eq. (48) has been
neglected – e.g. Ref. [49]. (In other works, due to the absence of the
orresponding boundary conditions it is not even possible to ascertain.)
owever, considering such an assumption, the net radiative heat flux

ransferred from the reactor interior volume to the reactor lateral wall
calculated with the application of the Marshak’s boundary condition
o the modified P1 approximation) is lost from the computational
omain without any physical reason. This assumption may constitute
violation to the reactor overall energy conservation. The radiative

eat flux term is exactly negligible if the surface reflectivity were
qual to unity (emissivity equal to zero once the lateral surface is
paque). The same correlation for the effective solid thermal conduc-
ivity (Eq. (13)) is herein applied in Eqs. (12) and (48) because the
ourier’s law (considered to develop these equations from the first law
f thermodynamics) is the same (𝑞′′𝑠 = −𝜆𝑠,eff∇𝑇𝑠). (Some authors have
onsidered different (inconsistent) expressions for the effective solid
hermal conductivity in the interior region and at the domain boundary,
hat is in Eqs. (12) and (48), respectively — see e.g. Refs. [49,94].)
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At the outer surface (𝑟 = 𝑅reac) and for 𝑥 > 𝐿reac, Eqs. (46), (42),
and (43) are considered while for 𝑥 < 0, Eqs. (38), (41), (42), and (43)
apply. At 𝑥 = 0 and 𝑥 = 𝐿reac, Eqs. (44) and (49) are considered for
the solid-phase energy balance equation and for the modified P1 model
equation, respectively. (Note that since heat transfer by radiation and
convection is considered as a volumetric phenomenon in the current
model formulation, radiative and convective heat losses from the solid
phase at the reactor entrance section (𝑥 = 0) are properly taken into
account in the governing equations instead of being directly considered
at the boundaries. Therefore, a duplicate consideration of radiative heat
losses from the reactor entrance section is avoided.) In Eq. (49), 𝑇𝑤,
𝜖𝑤, and 𝐻𝑐 corresponds to the wall temperature, wall emissivity, and
wall collimated irradiation, respectively. At the lateral wall, the wall
temperature corresponds to the local solid temperature (equal to the
local gas temperature), while at Sections 𝑥 = 0 and 𝑥 = 𝐿reac the wall
temperature is set equal to the inlet gas temperature (𝑇𝑔,in) and to the
average reactor outlet gas temperature (𝑇 𝑔,out), respectively. In accor-
ance with previous works, the wall emissivity is set equal to unity
or all sections where Marshak’s boundary conditions apply [45,94,95].
𝑐 is negligible at the lateral wall since the concentrated solar flux is

arallel to the reactor centerline.
At the outlet section, negligible gradients along the axial direction

or the solved variables are considered as well as a negligible static
auge pressure.

.4. Numerical models

The mathematical model is numerically solved through the appli-
ation of STAR-CCM+ software — a finite-volume based CFD code
upported and made commercially available by Siemens. Geometry
esign and mesh generation were carried out within the STAR-CCM+
ramework. The convective terms of the momentum, gas-phase energy,
nd species mass balance equations are discretized considering the
econd-order upwind differencing scheme. The pressure–velocity cou-
ling as well as the solution of the whole system of linear algebraic
quations — derived from the discretization of governing equations
nd boundary conditions — are based on SIMPLE algorithm. The
topping criterion that establishes a converged solution is dictated by
maximum residual below 10−6 for all solved balance equations.

Since the radiative heat transfer model herein considered (P1 ap-
roximation) is not natively available (embedded) in STAR-CCM+, the
TAR-CCM+ passive scalar feature was considered to implement this
odel — note that the P1 model governing equation corresponds to
steady diffusion equation with a source term (non-homogeneous

elmholtz equation). Moreover, overlapping solution domains were
onsidered for computing solid and gas temperatures and diffusive
rradiation (solved variable of the P1 model), each one discretized
aking into account the same mesh features. This strategy allowed
o couple the solution for such solved variables minimizing inter-
olation errors. Iteratively updating tables storing the solution for
he relevant variables were applied to transport and make available
he solution fields across the solution domains (data mapping proce-
ure). Field functions (user defined functions) were developed within
TAR-CCM+ framework to compute local source terms for govern-
ng equations, volumetric convection heat transfer coefficients, and
oundary conditions.

Pure species viscosities, thermal conductivities, binary diffusion
oefficients, and thermal diffusion coefficients were evaluated with
he open-source code package CANTERA [96] as well as mixture dy-
amic viscosities, mixture thermal conductivities, and species diffu-
ion coefficients (mixture-averaged diffusion coefficients). The hetero-
eneous rates of species production/depletion were computed with
he kinetic interpreter available in CANTERA. CANTERA was coupled
ith STAR-CCM+ through the development of externally coded user

unctions (user code). CANTERA was also applied independently for
8

hemical equilibrium calculations.
.5. Model validation

The suitable implementation and prediction capability of the models
resented before are herein assessed by comparing the corresponding
umerical model results to appropriate benchmark data available in
he literature. Three model validation cases are considered, each one
ssigned to the following: (i) radiative heat transfer model (P1 ap-
roximation); (ii) hydrothermal model (fluid flow governing equations,
TNE energy balance equations, and modified P1 approximation); and
iii) chemical kinetics and species transport models. Each validation
ase is addressed in the following sections — see Sections 3.5.1 to 3.5.3.

.5.1. Radiative heat transfer model
The P1 approximation is applied to evaluate the non-dimensional

emperature distribution governed by conduction and radiative heat
ransfer in a 1D planar absorbing and emitting medium. The walls
medium boundaries) — that are assumed as black and diffusive sur-
aces — are kept at different temperatures (𝑇 (𝑥 = 0) = 𝑇𝑠,1 and
(𝑥 = 𝐿) = 𝑇𝑠,2) being the ratio between these temperature values

𝑇𝑠,1∕𝑇𝑠,2) equal to 0.5. The model was applied considering an optical
hickness (𝜏 ≡ 𝛽𝐿) equal to 1.0 and three different conduction–
adiation parameter (𝑁 ≡ 𝜆𝛽∕

(

4𝜎𝑇 3
𝑠,1

)

) values: 0.01; 0.1; and 1.0.
enchmark data gathered from Talukdar and Mishra [97] and Chen
t al. [91] are considered as reference results for the problem and
oundary conditions under consideration. Fig. 2 presents the compari-
on between the current results and the reference results from where a
airly good agreement is concluded.

.5.2. Hydrothermal model
The hydrothermal model is applied to a specific problem and con-

itions considered by Chen et al. [91] to assess the current model
rediction capability (model verification). In accordance with the ref-
rence work, a volumetric solar receiver composed by a SiC foam
bsorber with porosity and mean cell diameter equal to 0.9 and 2.0 mm,
espectively, is considered. The absorber has an outer radius and length
qual to 0.03 m and 0.05 m, respectively. At the absorber front section,
ir at a temperature of 300 K and with a velocity (aligned with the
eceiver centerline) equal to 0.8 m s−1 is considered. The concen-
rated solar irradiation distribution at the front section is given by
′′
0
[

W m−2] = 1.5 × 106 exp
(

−2560 𝑟 [m]2
)

. The outer absorber surface
𝑟 = 𝑅) is perfectly insulated. The thermophysical properties provided
n the reference work are considered. The modified P1 approximation
s considered to account for the concentrated solar radiation absorption
nd radiative heat transfer. Figs. 3(a) and (b) present the comparison
etween the results obtained in this work and the reference results
or gas and solid temperature profiles (along the receiver centerline)
nd radial solid temperature profile at the absorber front section,

Fig. 2. Verification of the radiative heat transfer model (P1 approximation):
non-dimensional temperature distribution in a 1D planar absorbing and emitting
medium.
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Fig. 3. Verification of the receiver hydrothermal model: (a) solid temperature (𝑇𝑠)
nd gas temperature (𝑇𝑔) profiles at the receiver centerline; and (b) solid temperature
rofile at the absorber front section. ((a) and (b): top and bottom, respectively. This
abeling scheme will apply throughout this document.).

espectively. A good matching is observed between both sets of model
esults which reinforce the current model verification. Moreover, the
eference work reports a pressure drop of 151.3 Pa along the entire
bsorber and according to the current model implementation a pressure
rop value equal to 153.0 Pa (relative error of about 1%) is obtained.
ll evidence support a successful hydrothermal model verification.

.5.3. Chemical kinetics and species transport models
The procedure required to evaluate the species production/

estruction rates according to a detailed surface reaction mechanism
oupled to the species transport solely governed by advection — i.e.,

a simplified form of Eq. (4) for which the diffusion term is neglected
(convection–reaction equation) — is herein assessed. The results of
the current model implementation are compared with benchmark data
gathered from Dalle Nogare et al. [98] related to catalytic partial
oxidation of methane for the production of synthesis gas over Rh
upported on Al2O3 foam catalysts. The convection-reaction equation
s solved in a 1D domain and the surface temperature profile measured
xperimentally is considered to evaluate the kinetic rates. The detailed
eaction mechanism applied in the reference work was similarly con-
idered in this work. In accordance with the values provided in the
eference work, the reactor catalytically active specific surface area —
he product 𝑎𝑣𝐹cat∕geo (see Eq. (6)) — was set equal to 8480 m−1. The
eactor operates with a feed mixture of CH4∕O2 composed by 29.1/15.3

on molar basis and Ar to balance. A total volumetric flow rate equal to
5 L min−1 evaluated at room temperature and atmospheric pressure is
considered. Fig. 4 presents the comparison between the results obtained
in this work and the reference results along the reactor axial direction.
A general good agreement between both sets of results is observed for
all reactive species.

4. Results and discussion

The operating conditions considered to conduct this study are listed
9

in Table 2. Two inlet gas velocities are defined (𝑢in,1 and 𝑢in,2). The w
Fig. 4. Verification of chemical kinetics and species transport models: species mole
fraction profiles in a methane catalytic partial oxidation reactor.

Table 2
Operating conditions considered in this work.

Parameter Value

Inlet gas velocity, 𝑢in [m s−1]
0.25

(

𝑢in,1
)

and
0.50

(

𝑢in,2
)

Inlet gas temperature, 𝑇𝑔,in [K] 300
Inlet gas composition, 𝑋𝑘,in [–]

CH4 0.25
H2O 0.75

Concentrated solar heat flux parameters — Eq. (17)

𝐴 [W m−2] 1.5 × 106

𝐵 [m2] 2560

inlet gas velocity values as well as the mixture composition herein
considered are commonly within the range of interest observed in the
literature — see Refs. [14,18,22,60]. The gas mixture is provided to
the reactor at the ambient temperature. The values for parameters
𝐴 and 𝐵 (Eq. (17)) are also widely applied in literature to describe
he incident solar irradiation profile in a parabolic dish solar collector
ssembly [12,94,99]. The reactor operates at a reference pressure equal
o 1.01325 × 105 Pa (1 atm). Negligible heat losses through the reactor

lateral wall are considered — 𝑈 = 0 (adiabatic surface). 𝐹cat∕geo was set
equal to 1.0 in full agreement with the assumption of negligible (in-
ternal) diffusion limitations within the catalyst layer since this value is
compatible with the absence of a thick washcoat layer applied onto the
inert ceramic foam. (Moreover, due to the high working temperatures,
a stable long-term reactor operation with a thick and highly porous
washcoat layer having a high metal dispersion would be challenging
due to thermal-driven catalyst deactivation issues.) A relatively low
𝐹cat∕geo value also minimizes the relevance of external mass transfer
esistances.

The remainder of this section is organized as follows. In the follow-
ng subsection (Section 4.1), chemical equilibrium calculations consid-
ring the operating condition (inlet gas mixture composition, temper-
ture, and pressure) under consideration are presented (Section 4.1.1)
nd the reactor hydrodynamic, thermal, and chemical performance is
horoughly analyzed (Section 4.1.2). The impact of different modeling
ssumptions and closure models is presented in Section 4.2. Particu-
arly, the relevance of expanding the computational domain upstream
nd downstream the reactor inlet and outlet sections, respectively, is
nvestigated in Section 4.2.1. The importance of species and gas-phase
hermal diffusion transport mechanisms is evaluated in Section 4.2.2. In
ection 4.2.3, two distinct procedures to account for the reaction heat
n LTNE energy balance equations are discussed. The effect of consider-
ng a LTE model is investigated in Section 4.2.4. 1D model results are
ompared with 2D axisymmetric model predictions in Section 4.2.5.
inally, the comparison between the reactor performance predicted

ith two different correlations (closure models) for the volumetric
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convection heat transfer coefficient and for the effective solid thermal
conductivity is analyzed in Sections 4.2.6 and 4.2.7, respectively.

4.1. Reactor full performance characterization

4.1.1. Chemical equilibrium state analysis
Fig. 5 presents chemical equilibrium calculations for several reac-

tor integral performance parameters: (i) reactants conversions (𝜒CH4
nd 𝜒H2O); (ii) syngas selectivities (𝑆H2

and 𝑆CO); (iii) ratio between
hemical (energy storage) efficiency and thermochemical efficiency
𝜂chem∕𝜂th); and (iv) gas temperature. Eqs. (50) to (53) present the
efinition for reactant species 𝑘 conversion, H2 and CO selectivities,
nd for the ratio between chemical efficiency and thermochemical
fficiency at equilibrium conditions. Equilibrium values are eventually
bserved if the mixture residence time in the reactor is sufficiently high

for long reactors or at low inlet gas velocity values.

equil
𝑘 =

𝑌𝑘,in − 𝑌 equil
𝑘

𝑌𝑘,in
(50)

equil
H2

=
𝑋equil

H2

𝑋equil
H2

+𝑋equil
H2O

(51)

𝑆equil
CO =

𝑋equil
CO

𝑋equil
CO +𝑋equil

CO2

(52)

𝜂equilchem
𝜂𝑡ℎ

=
ℎ𝑔

(

𝑌 equil
𝑘 , 𝑇𝑔,in

)

− ℎ𝑔
(

𝑌𝑘,in, 𝑇𝑔,in
)

𝑄0𝜂𝑡ℎ∕𝑚̇
(53)

For chemical equilibrium calculations, the same gas-phase species
aken into account in the detailed surface reaction mechanism (see Sec-
ion 3.1.5) are considered. The equilibrium values for the parameters
nder consideration were computed considering the inlet mixture tem-
erature and composition defined in Table 2 along a specific absorbed
nergy (𝑄0𝜂𝑡ℎ∕𝑚̇) range from 0 to about 7 MJ kg−1. (The specific ab-
orbed energy corresponds to the total power absorbed by the reactive
as mixture at the reactor outlet section — from where heat losses
re assumed as negligible — per unit mass flow rate.) The specific
nthalpy and pressure (1 atm) were held constant between the initial
nd equilibrium states. The specific enthalpy is calculated as a function
f the specific absorbed energy and inlet mixture composition and
emperature according to Eq. (54).
equil
𝑔 = ℎ𝑔

(

𝑌𝑘,in, 𝑇𝑔,in
)

+𝑄0𝜂𝑡ℎ∕𝑚̇ (54)

Chemical equilibrium calculations reveal that methane conversion
ncreases almost linearly with the specific absorbed energy attaining
9% at 𝑄0𝜂𝑡ℎ∕𝑚̇ approximately equal to 4.7 MJ kg−1 — see Fig. 5.
quilibrium CO selectivity also increases monotonically upon increas-
ng the specific absorbed energy, even though equilibrium mixture
onditions with a negligible amount of CO2 (i.e., 𝑆equil

CO equal to one)
re not observed in the 𝑄0𝜂𝑡ℎ∕𝑚̇ range considered. Equilibrium H2O
onversion, H2 selectivity, and 𝜂chem∕𝜂th ratio present maximum values

approximately equal to 46.5%, 67.6%, and 58.3%, respectively —
n the 𝑄0𝜂𝑡ℎ∕𝑚̇ range 4.3–4.6 MJ kg−1, for which the equilibrium gas
emperature is located in the range 954–995 K. A set of operating
onditions (𝑄0 and 𝑚̇) combined with a reactor operation (𝜂𝑡ℎ) that
ogether promote specific absorbed energy values in the stated range
s highly recommended to achieving high fuel conversion and syngas
electivities, and a high chemical efficiency value in relation to thermal
fficiency — that is, the energy is preferentially converted into chem-
cal energy instead of thermal (sensible internal) energy. Considering
he current reactor radius (𝑅reac) and the values listed in Table 2,
0∕𝑚̇ is approximately equal to 5.27 MJ kg−1 (𝑢in,1). Consequently, a

eactor design for which the thermochemical efficiency lies in between
1.6% and 87.3% (𝑢in,1) would be required to obtain a high value of
ethane conversion and the maximum values for H2O conversion, H2
10

electivity, and 𝜂chem∕𝜂𝑡ℎ ratio at equilibrium conditions. For the highest
Fig. 5. Chemical equilibrium predictions for CH4 and H2O conversion (𝜒equil
CH4

and
equil
H2O

), H2 and CO selectivity (𝑆equil
H2

and 𝑆equil
CO ), ratio between chemical efficiency and

hermochemical efficiency (𝜂equilchem∕𝜂th) and temperature (𝑇 equil
𝑔 ) as a function of the

pecific absorbed energy. As initial state conditions, a CH4–H2O gas mixture with a
olar ratio (CH4∕H2O) equal to 1∕3 and a temperature equal to 300 K is considered.

nlet gas velocity considered (𝑢in,2), the specific absorbed energy range
.3–4.6 MJ kg−1 cannot even be achieved since the reactor would have
o be operating with a higher than possible thermochemical efficiency
i.e., 𝜂𝑡ℎ > 1).

.1.2. Reactor hydrodynamic, thermal, and chemical performance analysis
The reactor performance is herein analyzed in detail for two dis-

inct reactor operation modes: non-reactive (inert) and reactive. The
on-reactive operation mode would be observed for a reactor with a
egligible catalytic activity (inert porous structure). Additionally, the
wo operating conditions listed in Table 2 — differing only on the inlet
as velocity (𝑢in) — are considered in this study.

Fig. 6 presents temperature distributions for the reactor solid and
as phases considering the non-reactive and reactive operation modes
t the lowest inlet gas velocity value (𝑢in,1). Figs. 7(a) and (b) present
olid- and gas-phase temperature profiles along the reactor axial direc-
ion for the two inlet gas velocity values, considering the non-reactive
nd reactive modes of operation, respectively. In these figures, for each
hase and operating condition (inlet gas velocity), three profiles are
resented: (i) the reactor centerline (𝑟 = 0) profile; (ii) the reactor lat-
ral wall (𝑟 = 𝑅reac) profile; and (iii) the radial average profile. For each
xial location, radial-averaged gas temperatures (𝑇 avg

𝑔 ) are computed
n full compliance with radial-averaged values for the mixture specific
nthalpy and species mass fractions — see Eq. (55).
avg
𝑔 = 𝑇𝑔

(

ℎavg𝑔 , 𝑌 avg
𝑘

)

(55)

ince the axial component of the mass flux (𝜌𝑢) is not uniform along
he radial coordinate, the radial-averaged mixture specific enthalpy
nd species mass fractions are calculated with Eqs. (56) and (57),
espectively.

avg
𝑔 =

∫𝐴 𝜌𝑢
∑K

𝑘=1 𝑌𝑘ℎ𝑘 𝑑𝐴
𝑚̇

(56)

𝑌 avg
𝑘 =

∫𝐴 𝜌𝑢𝑌𝑘 𝑑𝐴
𝑚̇

(57)

Table 3 presents several reactor performance parameters for the non-
reactive and reactive operation modes considering the two operating
conditions. The thermochemical efficiency is calculated with Eq. (58),
where the numerator corresponds to the net thermal power transferred
from the solid phase to the fluid — and converted to chemical and
sensible thermal energy (thermochemical energy) — from the reactor
inlet section to the outlet section. The denominator (𝑄0) corresponds to
the total concentrated solar power provided to the reactor — computed
according to Eq. (59), which for the conditions under consideration
gives a value approximately equal to 1179.65 W. (For the non-reactive
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Fig. 6. Temperature distribution for the solid phase (left) and gas phase (right) considering the non-reactive operation (top) and the reactive operation (bottom) for the inlet gas
velocity 𝑢in,1.
Table 3
Performance parameters for the non-reactive and reactive operation modes considering
two operating conditions — see Table 2.

Parameter Operating condition

Non-reactive mode Reactive mode

𝑢in,1 𝑢in,2 𝑢in,1 𝑢in,2
𝜂𝑡ℎ [%] 59.3 74.7 77.3 81.3
𝜂chem [%] – – 43.5 29.7
𝜒CH4

[%] – – 84.7 30.6
𝜒H2O [%] – – 39.5 17.0
𝑆H2

[%] – – 61.3 31.1
𝑆CO [%] – – 60.2 33.2
H2∕CO [–] – – 5.6 11.0
𝑇𝑠,max [K] 1696.0 1483.1 1420.0 1174.6
𝑇 avg
𝑠 [K] 1476.0 1116.4 1004.6 886.6

𝑇 avg
𝑔,out [K] 1476.2 1105.4 951.7 856.5

𝛥𝑝 [Pa] 229.1 279.6 163.2 216.6

operation mode, the thermochemical efficiency is commonly referred
to as thermal efficiency.)

𝜂𝑡ℎ =
𝑚̇
(

ℎavg𝑔,out − ℎavg𝑔,in

)

𝑄0

(58)

𝑄0 = ∫𝐴f ront

𝑞′′0 𝑑𝐴 (59)

Chemical efficiency, reactants conversions, and H2 and CO selectivities
are computed with Eqs. (50)–(53), where instead of equilibrium values
(𝑌 equil

𝑘 and 𝑋equil
𝑘 ) average values at the reactor outlet section (i.e., at

𝑥 = 𝐿react+𝐿donwstr — see Fig. 1) are considered — i.e., 𝑌 avg
𝑘,out and 𝑋avg

𝑘,out .
(𝑌 avg

𝑘,out and 𝑋avg
𝑘,out are evaluated with Eqs. (57) and (60), respectively,

applied at the reactor outlet section.)

𝑋avg
𝑘 =

𝑚̇𝑌 avg
𝑘

∫𝐴 𝜌𝑢
(

𝑊𝑘∕𝑊
)

𝑑𝐴
(60)

In Table 3, the H2∕CO molar ratio at the reactor outlet section is
also presented as well as the maximum and average solid-phase tem-
peratures (𝑇𝑠,max and 𝑇 avg

𝑠 ), the outlet average gas-phase temperature
(𝑇 avg

𝑔,out), and the pressure drop through the porous reactor region (𝛥𝑝).
Figs. 6 and 7(a)–(b) show that higher solid and gas temperatures are

observed near the reactor centerline, mainly due to the characteristics
of the concentrated solar heat flux distribution prescribed at the reactor
aperture section — profile given by Eq. (17) with a non-zero parameter
11
Fig. 7. Axial solid and gas temperature profiles for two inlet gas velocities (𝑢in,1 and
𝑢in,2) and for two different reactor operation modes: (a) non-reactive operation mode;
and (b) reactive operation mode.

𝐵 (see Table 2). Significant differences are observed in Figs. 7(a)–(b)
between the three profiles presented for each operation mode and each
inlet gas velocity. For the non-reactive operation mode (Fig. 7(a)), such
differences are more remarkable as the inlet gas velocity increases —
for the lowest inlet gas velocity, radial and phase thermal equilibrium
conditions are observed roughly at the middle of the reactor. For the
reactive operation mode (Fig. 7(b)), relevant temperature differences
are observed along the entire reactor length across the radial coordinate
and between phases, even for the lowest inlet gas velocity. Radial aver-
age solid temperature profiles are located in between the corresponding
axial solid centerline and reactor outer surface temperature profiles.
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Table 4
Net radiative power losses from different reactor sections/surfaces.

Sect./Surf. Net radiative power loss, 𝑃rad, loss [W]

Non-reactive mode Reactive mode

𝑢in,1 𝑢in,2 𝑢in,1 𝑢in,2
𝑥 = 0 479.1 297.6 267.1 220.4
𝑥 = 𝐿reac 0.3 0.7 0.9 0.6
𝑟 = 𝑅reac 14.0 25.3 26.8 27.1

At the reactor lateral wall, the solid and gas phases are in thermal
equilibrium (as required by Eq. (47)) — see Figs. 7(a)–(b). Additionally,
at the reactor lateral wall, non-adiabatic conditions for the gas and solid
phases can also be concluded by the shape of the isotherms (see Fig. 6)
which reflect the application of Eqs. (47) and (48).

For the non-reactive operation mode at the lowest inlet gas ve-
locity, Fig. 7(a) shows a modest volumetric effect considering the
radial average solid temperature profile — notice that the average
solid temperature at the reactor exit section is slightly higher than the
average solid temperature at the reactor front section. At the highest
inlet gas velocity, the volumetric effect based on the average solid
temperature profile becomes absent.

Since an overall endothermic reaction is taking place for the reactive
operation mode, lower temperatures are observed for this case under
the same set of operating parameters — see Figs. 6 and 7(a)–(b) and Ta-
ble 3. Due to the lower (solid) temperatures that are registered for the
reactive operation mode, lower long-wave radiative heat losses are ob-
served, particularly through the reactor inlet section, and consequently,
a higher thermochemical efficiency value is obtained in comparison
with the non-reactive operation mode — for the lowest inlet gas ve-
locity, thermochemical efficiency values approximately equal to 77.3%
and 59.3% are obtained under the reactive and non-reactive, respec-
tively, modes of operation (see Table 3). (If air (non-reactive O2∕N2
as mixture) were considered under the same operating conditions, a
hermochemical efficiency equal to about 44.9% would be observed,
ince higher temperatures would be obtained, and consequently, higher
adiation losses — not shown.)

Increasing the inlet gas velocity, lower temperatures and higher
hermochemical efficiency values are registered independently of the
eactor operation mode — see Figs. 7(a)–(b) and Table 3. Higher ther-
ochemical efficiency values are the outcome of lower radiative heat

osses since increasing the gas velocity, convection heat transfer rates
ncrease as well and thermal power is more effectively transferred from
he solid phase to the gas phase, avoiding very high solid temperatures,
nd inevitably, high radiative heat losses. (Note that convection and
adiation heat transfer mechanisms are competing against each other
or the total absorbed solar energy by the solid phase.)

At the reactor front section (𝑥 = 0), gas temperatures significantly
higher than the inlet temperature (𝑇𝑔,in) are observed due to axial ther-
mal diffusion — see Figs. 6 and 7(a)–(b). This evidence is particularly
remarkable near the reactor centerline owing to the high importance
of diffusion in relation to advection transport rates. At the reactor
centerline (and front section), for the reactive operation mode and the
lowest inlet gas velocity, the gas temperature is about 366 K above the
inlet gas temperature. (This temperature difference (𝑇𝑔 (𝑥 = 0, 𝑟 = 0) −
𝑇𝑔,in) decreases to about 59 K for the highest inlet gas velocity.)

Table 4 presents the total radiative power losses from the reactor
interior porous structure through the inlet and outlet sections and to
the reactor lateral wall for the two reactor operation modes and the
two operating conditions. Fig. 8 presents net radiative heat flux profiles
for the reactive operation mode with the two operating conditions at
different reactor sections/surfaces. Table 4 shows that the most relevant
radiative power loss contribution is observed through the front reactor
(𝑥 = 0) section, independently of the reactor mode of operation and
inlet gas velocity. Fig. 8 shows that higher heat flux losses from the
12

reactor front section are registered near the centerline — where higher t
Fig. 8. Net radiative heat flux profiles for the reactive operation mode at three reactor
sections/surfaces: front (irradiated) section (𝑥 = 0); back section (𝑥 = 𝐿reac); and lateral
wall surface (𝑟 = 𝑅reac).

olid temperature are also observed — decreasing as the distance to the
eactor lateral wall decreases. For the conditions under consideration,
adiative heat losses from the reactor outlet section are negligible. Since
he reactor lateral wall is opaque and adiabatic, radiative heat losses to
he reactor lateral wall are not actual heat losses from the reactor to the
xternal surroundings. This is because the net radiative power absorbed
y the lateral wall is transferred back to the internal reactor solid and
as phases by heat conduction — see Eq. (48). (The net radiative power
bsorbed by the lateral wall corresponds to about 2%–3% of the total
ower absorbed by the gas mixture for the four cases under consider-
tion. If the radiative heat flux term were not considered in Eq. (48),
bout that amount of power would be spuriously removed from the
ystem.) Fig. 8 shows that at the reactor lateral wall, the heat flux
bsorbed by the solid and fluid phases — due to the net radiative power
bsorption — achieves a maximum value near the reactor front section
wing to the high solid temperature that is observed at such axial
ocation but near the reactor centerline. Total power losses through the
eactor front section decrease as the inlet gas velocity increases which
s in full agreement to the increase on the thermochemical efficiency
ith the inlet gas velocity concluded previously. Moreover, the total
et radiative power absorbed by the lateral wall is higher for higher
nlet gas velocity values. This is observed because an increase in the
nlet gas velocity promotes a more expressive decrease of the lateral
all temperature (in relation to the temperature decrease at the reactor

enterline), and consequently, heat losses from the lateral wall through
he reactor front section are also lower in comparison to the radiative
eat gains from the reactor interior region as the inlet gas velocity
ncreases.

In addition to the reactor effective power losses observed in Table 4
power losses through the reactor inlet and exit sections), there is also a
ermanent power loss related to concentrated solar power transmission
hrough the reactor axial thickness (𝑃trans,loss ≡ 𝑄0−∫𝑉reac 𝛽𝐺𝑐𝑑𝑉 ). For a
eactor characterized by a low extinction volume (high porosity, high
ore diameter, and low reactor thickness (𝐿reac)), such class of losses
an become important. However, in the present case, this power loss
s negligible — less than 0.02% of the total concentrated solar power
rovided to the reactor (𝑄0) is lost through transmission.

Fig. 9 presents species mole fraction distributions obtained for the
owest inlet gas velocity (𝑢in,1). Figs. 10(a), (b), and (c) present mole
raction profiles for reactants, H2 and CO, and CO2, respectively, along
he reactor axial direction for the two inlet gas velocity values. In
igs. 10(a)–(c), three profiles are presented for each operating condi-
ion, similarly to Figs. 7(a)–(b): (i) centerline profile; (ii) lateral wall
rofile; and (iii) radial average profile. Species radial average mole
raction profiles are computed with Eq. (60).

Figs. 9 and 10(a)–(c) show that along the reactor axial direction,
he reactant (product) species mole fractions decrease (increase) more
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Fig. 9. Species mole fraction distributions for the inlet gas velocity 𝑢in,1.

rapidly at the centerline than near the reactor outer wall. This evidence
is related to the solid temperatures that are higher at the centerline than
at the lateral wall — see Fig. 7(b). Consequently, at the reactor outlet
section lower (higher) mole fraction values for reactants (products)
are observed at the centerline than at the reactor lateral wall. Slightly
upstream the reactor front section, products tracing (particularly H2)
and an apparent reactant species consumption (lower reactants mole
fractions than the provided values) are observed in Figs. 9 and 10(a)–
(c). This is observed due to species diffusion which is particularly
relevant at the reactor front section and near the reactor centerline and
for low inlet gas velocities. In agreement with Fig. 10(a) and for the
highest inlet gas velocity, the mole fractions of reactant species show
a slight increase at the centerline downstream of the rapid reactants
consumption region — i.e. for 𝑥 ⪆ 0.015 m. This behavior is a sole
result of reactant species transport, by both advection and diffusion
mechanisms, from the reactor outer regions — wherein due to low
13
Fig. 10. Axial species mole fraction profiles for two inlet gas velocities (𝑢in,1 and 𝑢in,2):
(a) CH4 and H2O (reactant species); (b) H2 and CO; and (c) CO2. ((a), (b), and (c):
top, middle, and bottom, respectively. This labeling scheme will apply throughout this
document.).

temperatures and low consumption rates, reactants are still abundant
— to the centerline. Radial transport (particularly diffusion) is also
responsible for the decrease of H2 mole fraction observed at the reactor
centerline for the highest inlet gas velocity — see Fig. 10(b). At the re-
actor exit section, gas mixture temperature and composition are closer
to chemical equilibrium conditions for the lowest inlet gas velocity —
for which the residence time is the highest —, as suggested by lower
radial differences of gas temperatures and species mole fractions at the
reactor exit section — see Figs. 10(a)–(c).

According to Table 3, an increase in the inlet gas velocity leads to a
decrease in the chemical efficiency, even though the thermochemical
efficiency increases. This evidence means that heat losses decrease
upon increasing the inlet gas velocity but the concentrated solar energy
absorbed by the solid phase is preferentially transported to the flowing
gas mixture than consumed by surface reactions, and consequently,
stored as chemical energy. Accordingly, convection heat transfer takes
advantage over heat consumption from the solid phase by chemical
reactions as the inlet gas velocity increases. Therefore, the increase in
the inlet gas velocity leads to a decrease in the reactants conversions
as observed in Table 3. Additionally, H2 and CO selectivity values also
decrease but the H2∕CO ratio increases upon increasing the inlet gas
velocity (see Table 3).
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Table 5
Performance parameters for three different computational domains considering two
operating conditions — see Table 2.

Parameter Computational domain

N-UR N-DR UDR

𝑢in,1 𝑢in,2 𝑢in,1 𝑢in,1 𝑢in,2
𝜂𝑡ℎ [%] 76.4 80.8 77.4 77.3 81.3
𝛺𝑡ℎ [%] 3.1 0.9 0.0 0.0 0.0
𝜂chem [%] 41.9 28.7 43.7 43.5 29.7
𝜒CH4

[%] 83.4 29.8 84.8 84.7 30.6
𝜒H2O [%] 39.4 16.8 39.5 39.5 17.0
𝑆H2

[%] 59.9 30.4 61.4 61.3 31.1
𝑆CO [%] 57.0 29.4 60.2 60.2 33.2
H2∕CO [–] 5.7 12.3 5.6 5.6 11.0
𝑇𝑠,max [K] 1251.3 1102.5 1420.0 1420.0 1174.6
𝑇 avg
𝑠 [K] 984.8 883.3 1004.8 1004.6 886.6

𝑇 avg
𝑔,out [K] 940.9 855.7 952.8 951.7 856.5

𝛥𝑝 [Pa] 154.7 214.1 163.6 163.2 216.6

4.2. Impact of modeling assumptions and closure models

4.2.1. Computational domain relevance
The role of upstream and downstream gaseous regions to the two-

phase reactor region (0 ≤ 𝑥 ≤ 𝐿reac — see Fig. 1) is herein analyzed. In
the literature related to the current field, there are a large number of
works applying a similar mathematical model — governing equations
and boundary conditions (at least stated as so) — that have neglected
these regions. Therefore, for the numerical performance prediction of
solar thermochemical reactors (and volumetric solar absorbers) besides
neglecting upstream (entry) and downstream (exit) regions, the follow-
ing assumptions are commonly considered in the literature (as they
are in this work): (i) fluid flow governing equations (momentum, en-
ergy, and species balance equations) accounting for diffusive transport
mechanisms; and (ii) constant (uniform along the radial direction) inlet
first-type (Dirichlet) and zero outlet second-type (Neumann) boundary
conditions for fluid flow governing equations.

Figs. 11(a), (b), and (c) present axial temperature, reactants mole
fraction, and products (H2 and CO) mole fraction profiles, respectively,
considering the lowest inlet gas velocity (𝑢in,1) for three different com-
utational domains: (i) with no reactor upstream region (N-UR); (ii)
ith no reactor downstream region (N-DR); and (iii) with upstream
nd downstream regions (UDR). The parameters 𝐿upstr and 𝐿downstr

(see Fig. 1) are set to zero for cases N-UR and N-DR, respectively,
while the remaining reactor geometric parameters are held constant
and equal to the case UDR. Table 5 lists the reactor performance
parameters for the three computational domains under consideration.
In this table, the two inlet gas velocity values are considered for the
cases N-UR and UDR. The parameter 𝛺𝑡ℎ (second parameter listed in
Table 5) corresponds to a spurious (non-physical) relative power loss
due to non-conservation of governing equations at the inlet section
— diffusive species and heat fluxes neglected at the inlet section due
to the application of Dirichlet boundary conditions. This parameter is
calculated according to Eq. (61), where 𝑃tot,abs corresponds to the net
radiative power absorbed by the reactor.

𝛺𝑡ℎ = 1 −
𝜂𝑡ℎ𝑄0
𝑃tot,abs

(61)

Figs. 11(a)–(c) and Table 5 show no striking differences between
cases UDR and N-DR — temperature and species mole fraction profiles
are almost coincident. (This is also concluded for the highest inlet gas
velocity — not shown.) Therefore, for the conditions under consider-
ation, extending the fluid domain downstream the reactor is not of
paramount importance for an accurate reactor performance prediction.
This is due to the non-existence of backflow issues at the reactor
outlet section — that could be promoted by strong non-uniform radial
velocity profiles at the reactor exit section — and due to the fact that
14
Fig. 11. Axial profiles of gas and solid temperatures (a), CH4 and H2O mole fractions
(b), and H2 and CO mole fractions (c) at the lowest inlet velocity for three different
computational domains: (i) neglecting the reactor upstream region (no upstream
region); (ii) neglecting the reactor downstream region (no downstream region); and
(iii) considering both the upstream and downstream regions.

temperature and species mole fraction axial gradients are not very
relevant near the reactor exit section.

On the other hand, neglecting the reactor upstream region (N-UR
case) results in remarkable differences in relation to the results ob-
tained with an entry length (or developing) region. Fig. 11(a) shows
that significantly lower solid and gas temperatures are registered if
the upstream region were not properly considered. The differences are
more pronounced at the reactor centerline. For the lowest inlet gas
velocity, the maximum solid (gas) temperature is underpredicted by
about 169 K (151 K) if the upstream region is neglected. Figs. 11(b)–(c)
also demonstrate a different performance, particularly at the center-
line, where a higher (lower) mole fraction of reactants (products) is
registered if the upstream region is neglected. Table 5 confirms that
reactants conversion and products selectivity are lower for the N-UR
case.

Lower solid temperatures observed for the case N-UR (in relation
to the case UDR) would suggest a higher thermochemical efficiency
since lower solid temperatures promote lower radiation emission losses.
However, the contrary is observed — see Table 5. This apparent lack of
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consistency is due to a non-negligible 𝛺𝑡ℎ value: for the lowest inlet gas
velocity, about 3.1% of the net radiative power absorbed by the solid
matrix is missing in the overall energy balance due to the application
of inconsistent inlet boundary conditions (see Table 5) — or, alterna-
tively, due to the application of an inappropriate computational domain
for such type of boundary conditions. This (non-physical) power loss
decreases as the inlet velocity increases — for the highest inlet gas
velocity (𝑢in,2) considered 𝛺𝑡ℎ is approximately equal to 0.9% (see
Table 5) — since diffusive transport is less relevant than the advective
transport mechanism. This suggests that Dirichlet boundary condi-
tions become less inadequate for accurate and physically consistent
numerical predictions as the inlet gas velocity increases.

The application of an upstream fluid region ensures that velocity,
temperature, and species mass fraction gradients (diffusive transport
rates) vanish at the computational domain inlet section. (Note that
in the vicinity of the reactor inlet section very high gas temperature
and species mass fraction gradients establish.) Negligible gradients for
solved scalars at the inlet section are fully compatible with the applica-
tion of inlet first-type boundary conditions to the governing equations
featuring diffusive transport mechanisms in order to ensure mass and
energy conservation. The length of the upstream region (𝐿upstr) consid-
red for cases UDR a N-DR (equal to 0.01 m) reveals to be sufficient
o ensure negligible gradients at the inlet section — see Figs. 11(a)–(c)

and, consequently, full agreement with the conservation of energy
rinciple applied to the overall reactor is achieved as concluded by a
egligible 𝛺𝑡ℎ value in Table 5. (An alternative procedure to applying
n upstream fluid region and still ensuring conservation of physi-
al principles with governing equations featuring diffusive transport
echanisms consists in the application of the well-known Danckwerts

oundary conditions — see Refs. [53,100].)
Even applying conservative inlet boundary conditions, the appli-

ation of an upstream reactor region still benefits the reliability and
ccuracy of numerical predictions, particular, for multi-dimensional
eactor models. This is due to the fact that a significantly different
eactor operation along the radial direction — driven, for instance, by
highly non-uniform radial incident solar flux distribution or by the

oundary layer development on the reactor outer wall — may lead
he upstream flow to deviate from particular reactor regions which is
erceived at the reactor front section by non-parallel flow streamlines.
umerical predictions carried out without an upstream region (even

ully conservative) will hardly take into account such preferential (low
esistance) flow paths at the reactor front section into the reactor
erformance.

Therefore, the differences registered between the cases N-UR and
DR are the cumulative outcome of unsuitable (non-conservative)
oundary conditions and bi-dimensional reactor operation. Figs. 12(a),
b), and (c) present radial profiles for velocity components, species
ole fractions, and gas and solid temperatures, respectively, at two

eactor axial positions (𝑥 = 0 and 𝑥 = 0.01 m) and for the three
omputational domains (N-UR, N-DR, and UDR). Again, no remarkable
ifferences are observed between cases N-DR and UDR. On the other
and, significant differences are observed between cases N-UR and
DR, particularly at the reactor entrance. While constant (radially
niform) Dirichlet boundary conditions are applied for the case N-UR,
igs. 12(a)–(c) show that the application of an entry length allows the
pstream flow conditions to take into account the conditions existing
t the reactor. Therefore, non-uniform profiles at the reactor entrance
ection arise if a multi-dimensional reactor operation is established and
n upstream region is considered. The non-uniform profile for the radial
elocity component obtained for the case UDR at the reactor entrance
ection (see Fig. 12(a)) denounces that the streamlines are not parallel
o each other and neither aligned with the 𝑥 direction. Moreover, due to
he non-uniform radial solar heat flux distribution, higher temperatures
re observed near the centerline, and consequently, higher reaction
ates and lower (higher) reactants (products) mole fractions. For the
ase N-UR this is only noticed at 𝑥 > 0 — because at 𝑥 = 0 the values

for the dependent variables are prescribed — while for the case UDR
this is perceived well upstream the reactor inlet section — in particular,
15

at 𝑥 = 0 as shown in Figs. 12(b)–(c).
Fig. 12. Radial profiles of axial and radial velocity (a), CH4 and H2 mole fractions
(b), and solid and gas temperatures (c) at the lowest inlet velocity for three different
computational domains at two cross sections (𝑥 = 0 and 𝑥 = 0.01 m).

4.2.2. Importance of species and gas-phase thermal diffusion
The relevance of species mass and gas-phase thermal (heat) diffu-

sion transport mechanisms is herein investigated. Two sets of results
are compared: one set obtained by excluding the first term on the
RHS of Eq. (4) and the first and second terms on the RHS of Eq. (7)
— gas-phase diffusion transport mechanisms neglected; and the other
set including such terms – gas-phase diffusion transport mechanisms
considered.

Figs. 13(a), (b), and (c) present axial temperature, reactants mole
fraction, and products (H2 and CO) mole fraction profiles, respectively,
considering the lowest inlet gas velocity for both sets of results (ne-
glecting and accounting for gas-phase diffusion transport mechanisms).
Table 6 lists the corresponding reactor performance parameters calcu-
lated for the two inlet gas velocities considered in Table 2. Figs. 13(a)–
(c) show that the most notable differences are observed near the
reactor front section where high species mass fraction and temperature
gradients establish. Neglecting diffusion, higher gas temperatures are
observed, in particular, at the reactor centerline, where diffusion trans-
port mechanisms take more relevance in relation to advective transport
mechanisms — the maximum gas temperature increases by about 86 K

neglecting diffusion. Neglecting diffusion transport rates, the position
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Table 6
Performance parameters computed considering and neglecting species mass and gas-
phase thermal diffusion transport mechanisms for two operating conditions — see
Table 2.

Parameter Gas-phase diffusion transport mechanisms

Neglecting Accounting

𝑢in,1 𝑢in,2 𝑢in,1 𝑢in,2
𝜂𝑡ℎ [%] 76.9 81.2 77.3 81.3
𝜂chem [%] 43.1 29.8 43.5 29.7
𝜒CH4

[%] 84.0 30.6 84.7 30.6
𝜒H2O [%] 39.2 16.9 39.5 17.0
𝑆H2

[%] 61.0 31.0 61.3 31.1
𝑆CO [%] 59.9 34.8 60.2 33.2
H2∕CO [–] 5.7 10.5 5.6 11.0
𝑇𝑠,max [K] 1462.8 1174.7 1420.0 1174.6
𝑇 avg
𝑠 [K] 1010.6 885.8 1004.6 886.6

𝑇 avg
𝑔,out [K] 952.9 854.2 951.7 856.5

𝛥𝑝 [Pa] 162.9 215.2 163.2 216.6

at the centerline where the maximum gas temperature is registered has
equal gas and solid temperatures as required by Eq. (7). Higher gas
temperatures lead to higher solid temperatures — the maximum solid
temperature increase is about 43 K which is lower than the maximum
as temperature increase. However, such increase of solid temperatures
ear the reactor inlet section (observed while neglecting diffusion)
oes not lead to significantly higher radiative heat losses, as concluded
y the corresponding thermochemical efficiency values in Table 6. If
pecies diffusion is neglected in the model formulation, steep species
ole fraction profiles are observed at the reactor entrance section —

ee Figs. 13(b)–(c). At the reactor inlet section, higher reactants and
ower products mole fraction values are observed neglecting diffusion
n relation to the results obtained with a mathematical model featuring
pecies diffusion transport. At the centerline and towards the reactor
xit section, higher reactants conversion and H2 mole fraction values
re observed due to higher solid temperatures and due to the absence
f species diffusion. In terms of radial average axial profiles, both
odeling approaches predict a similar performance — even though

he results obtained with diffusion transport mechanisms are slightly
uperior (reactants conversion and syngas selectivity) — as anticipated
y the results presented in Table 6. Neglecting diffusion transport and
t the reactor lateral wall, the reactants (products) mole fraction values
re lower (higher) than the radial average values. This evidence is
enerally not observed while considering diffusion transport mecha-
isms. This is observed because near the wall the advective transport
echanism (the sole transport mechanism if diffusion were neglected)

s strongly limited and heat conduction from the lateral wall to the
olid phase promotes high reaction rates that are unmatched with the
ransport rates from such location.

Table 6 shows that independently of the operating condition, the
alues for the first five integral reactor performance parameters pre-
icted neglecting diffusion transport rates are generally slightly lower
han the values for the corresponding parameters obtained accounting
or diffusion. Moreover, an increase in the inlet gas velocity promotes
general approximation of such parameter values predicted neglecting
iffusion to the values predicted considering diffusion. This evidence
uggests that diffusion transport mechanisms become less relevant at
igher inlet gas velocities. The slightly lower reactants conversion
bserved while neglecting diffusion is due to the absence of such
ransport mechanism to assist in the replacement of reaction products
y fresh reactants in the regions where high temperatures promote
igh reaction rates. At the highest inlet gas velocity, the absence of
ransport rates by diffusion plays a particular role in the total oxidation
f CO — production rates of CO2 become limited due to excessive
mounts of H2 in relation to H2O in the regions of highest temperatures.
s a consequence, CO selectivity (H2∕CO ratio) predicted neglecting
iffusion is slightly higher (lower) than considering diffusion.
16
Fig. 13. Axial profiles of gas and solid temperatures (a), CH4 and H2O mole fractions
(b), and H2 and CO mole fractions (c) at the lowest inlet velocity, neglecting and
accounting for species mass and gas-phase thermal diffusion transport mechanisms.

4.2.3. Reaction heat accounting on energy balance equations
In this section, two different procedures to account for the ther-

mal effects due to chemical reactions (reaction heat) in the energy
balance equations are considered. Results obtained with the procedure
described in Section 3.1.3 — according to which the reaction heat is
assigned to the solid-phase energy balance equation — are herein com-
pared with results computed neglecting the source term 𝑆chem (reaction
heat) considered in gas- and solid-phase energy balance equations
(Eqs. (7) and (12), respectively). According to the later procedure,
the net heat consumption due to catalytic reactions is accounted for
in the gas-phase energy balance equation. Additionally for the later
procedure, surface net species production rates (𝑠̇𝑘) are calculated
as a function of gas temperatures instead of solid temperatures in
order to avoid decoupling issues between species mass and gas energy
balance equations and to assure physically consistent and converged
solutions — otherwise, the typically high solid temperatures observed
near the reactor entrance section would lead to high species produc-
tion/destruction rates which would cause a significant gas temperature
drop therein unbalanced with the solid phase temperature since the
convection heat transfer mechanism would be unable to provide the

required power to the gas phase to compensate such a temperature
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Fig. 14. Axial profiles of gas and solid temperatures (a), CH4 and H2O mole fractions
b), and H2 and CO mole fractions (c) for two procedures to accounting for the reaction
eat on the energy balance equations.

rop. Considering these two assumptions — reaction heat accounted
or in the gas-phase energy balance equation and species production
ates computed with the gas temperature —, the resulting mathematical
odel becomes similar to the models that have been widely applied

n the literature on concentrated solar catalytic reforming. (The results
omputed with these assumptions are herein referred to as ‘‘reaction
eat on gas EB’’ results, while those computed with the procedure
escribed in Section 3.1 are labeled as ‘‘reaction heat on solid EB’’.)

Figs. 14(a), (b), and (c) present axial temperature, reactants mole
raction, and products (H2 and CO) mole fraction profiles, respectively,
onsidering the lowest inlet gas velocity for the two schemes under
onsideration: (i) reaction heat accounted for in the solid-phase energy
alance equation; and (ii) reaction heat accounted for in the gas-
hase energy balance equation. Table 7 lists the corresponding reactor
erformance parameters calculated for the two inlet gas velocities con-
idered in Table 2. The results show remarkable differences applying
hese two approaches not only in terms of local performance but also
onsidering the integral reactor thermochemical performance. Particu-
arly, Fig. 14(a) shows that the gas and solid temperature profiles are
ore decoupled (temperature differences between phases are higher)
17
Table 7
Performance parameters computed considering two procedures to accounting for the
reaction heat and for two operating conditions — see Table 2.

Parameter Reaction heat accounting

Gas-phase energy balance Solid-phase energy balance

𝑢in,1 𝑢in,2 𝑢in,1 𝑢in,2
𝜂𝑡ℎ [%] 70.8 77.0 77.3 81.3
𝜂chem [%] 38.8 25.9 43.5 29.7
𝜒CH4

[%] 76.3 27.0 84.7 30.6
𝜒H2O [%] 36.7 15.5 39.5 17.0
𝑆H2

[%] 58.0 28.4 61.3 31.1
𝑆CO [%] 55.7 28.3 60.2 33.2
H2∕CO [–] 6.2 13.1 5.6 11.0
𝑇𝑠,max [K] 1552.4 1407.5 1420.0 1174.6
𝑇 avg
𝑠 [K] 1017.2 920.0 1004.6 886.6

𝑇 avg
𝑔,out [K] 926.9 855.0 951.7 856.5

𝛥𝑝 [Pa] 147.4 213.7 163.2 216.6

assigning the reaction heat to the gas-phase energy balance than to
the solid-phase energy balance. Higher solid temperatures near the
reactor front section are observed while considering the reaction heat
accounted for in the gas-phase energy balance which are responsible for
higher power losses — see in Table 7 the corresponding thermochem-
ical efficiency values (70.8% vs. 77.3% for 𝑢in,1). (Similar temperature
profiles to those herein obtained considering the reaction heat assigned
to the gas-phase energy balance (see Fig. 14(a)) have been reported
elsewhere [15,60].) Figs. 14(b)–(c) show that reactants (products) gen-
erally present a local higher (lower) mole fraction value considering the
reaction heat assigned to the gas-phase energy balance than to the solid-
phase energy balance. This evidence is observed because considering
the reaction heat assigned to the gas-phase energy balance, the species
production/destruction rates are lower once the temperatures at which
the kinetic rates are evaluated (gas temperature values) are also lower.

For the two different inlet gas velocity values, Table 7 shows
significantly lower values for efficiency, reactants conversion, and H2
and CO selectivities by considering the reaction heat assigned to the
gas-phase energy balance than to the solid-phase energy balance. (Only
the H2∕CO ratio is enhanced since a preferential net production of H2
in relation to the net production of CO is observed at lower reaction
temperatures.) For the highest inlet gas velocity, differences between
the two approaches are still meaningful but generally in a lower extent
in comparison to the values registered for the lowest inlet gas velocity.
An increase in the inlet gas velocity promotes a decrease in the max-
imum and average solid temperatures. However, such a temperature
decrease is more striking for the case that considers the reaction heat
accounted for in the solid-phase energy balance due to the thermal role
(heat consumption) of reactions that for this case are observed in a
higher extent than for the alternative procedure.

Assigning the reaction heat to the gas-phase energy balance — and
computing species production rates at the gas-phase temperature —
introduce an additional thermal resistance (due to finite convection
heat transfer coefficients) between the concentrated solar power and
the reactor phase where the reactions are accounted for (modeled).
Operating conditions that promote a decrease of such additional ther-
mal resistance, namely increasing the inlet gas velocity, lead the results
obtained assigning the reaction heat to the gas-phase energy balance
to approximate the results computed considering the reaction heat
accounted for in the solid-phase energy balance.

Assigning the reaction heat to the gas-phase energy balance equa-
tion results in strong underpredictions for the reactor thermochemical
efficiency and reforming performance that increase for lower inlet gas
velocities.

4.2.4. Local thermal equilibrium (LTE) vs. local thermal non-equilibrium
(LTNE) models

In this section, a comparison between two approaches for modeling

the reactor energy balance (LTNE vs. LTE) is considered. The LTNE
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Table 8
Performance parameters computed considering the LTNE and LTE reactor energy
models for two operating conditions — see Table 2.

Parameter Energy model

LTE model LTNE model

𝑢in,1 𝑢in,2 𝑢in,1 𝑢in,2
𝜂𝑡ℎ [%] 78.6 82.9 77.3 81.3
𝜂chem [%] 44.5 30.9 43.5 29.7
𝜒CH4

[%] 86.5 31.7 84.7 30.6
𝜒H2O [%] 40.0 17.5 39.5 17.0
𝑆H2

[%] 61.9 31.9 61.3 31.1
𝑆CO [%] 61.3 34.5 60.2 33.2
H2∕CO [–] 5.5 10.6 5.6 11.0
𝑇𝑠,max [K] 1383.3 1121.6 1420.0 1174.6
𝑇 avg
𝑠 [K] 1007.0 887.3 1004.6 886.6

𝑇 avg
𝑔,out [K] 955.3 859.4 951.7 856.5

𝛥𝑝 [Pa] 171.1 231.6 163.2 216.6

model details are thoroughly described in Section 3.1.3. The LTE model
assumes that both phases are at the same temperature at every reactor
local position. Consequently, the set of two equations required for
the LTNE model is replaced by only one energy balance equation for
the LTE model. This equation is obtained by equating the sum of the
LHS terms of Eqs. (7) and (12) to the sum of the RHS terms of the
same equations and stating 𝑇 ≡ 𝑇𝑔 = 𝑇𝑠. Accordingly, the interphase
convection) heat transfer term and reaction heat source term (𝑆chem)
anish and the overall (effective) thermal conductivity is given by
eff = 𝜆𝑔,eff +𝜆𝑠,eff , where the 𝜆𝑔,eff and 𝜆𝑠,eff are computed considering
qs. (8) and (13), respectively. The corresponding boundary condition
t the reactor lateral wall is obtained applying a similar procedure
o Eq. (48).

Figs. 15(a), (b), and (c) present axial temperature, reactants mole
raction, and products (H2 and CO) mole fraction profiles, respectively,
onsidering the lowest inlet gas velocity for the LTNE and LTE models.
able 8 lists the reactor performance parameters obtained with the two
nergy models under consideration. Fig. 15(a) shows that centerline
nd radial average temperature profiles predicted by the LTE model
long the first few millimeters of the reactor are in between the gas
nd solid temperature profiles predicted by the LTNE model for the
enterline and radial average, respectively. Lower radiative heat losses
re calculated considering the LTE model since the corresponding
emperatures — that are applied to evaluate the rates of radiative
eat transfer — are lower than the solid temperatures predicted by
he LTNE model, particularly, near the reactor front section. Therefore,
igher values for thermochemical efficiency are observed for the LTE
han for the LTNE model — see Table 8. Figs. 15(b)–(c) present minor
ifferences between both modeling approaches. A slightly superior in-
egral reforming performance is registered for the LTE model — higher
hemical efficiency, reactants conversion, and H2 and CO selectivity
see Table 8).

Note that the results obtained considering the LTE model can also
e compared with those predicted with the LTNE model considering the
eaction heat accounted for in the gas-phase energy balance — set of
esults presented in Section 4.2.3. This is because when interphase or
xternal (convection) heat transfer resistance is negligible (LTE model
s suitable), the phase into which the net thermal effect from chemical
eactions is accounted for becomes irrelevant. The comparison between
hese two sets of results (LTE model and LTNE model with reaction heat
ccounted for in the gas-phase energy balance) — see Figs. 14(a)–(c)
nd 15(a)–(c) and Tables 7 and 8 — shows remarkable differences. For
nstance, considering the lowest inlet gas velocity, the thermochemical
fficiency predicted by the LTE model and LTNE model with reaction
eat assigned to the gas-phase energy balance is equal to 78.6% and
0.8%, respectively.
18
Fig. 15. Axial profiles of gas and solid temperatures (a), CH4 and H2O mole fractions
(b), and H2 and CO mole fractions (c) at the lowest inlet velocity for the LTNE and
LTE reactor energy models.

4.2.5. Model dimension: 1D vs. 2D models
In this section the relevance of velocity, temperature, and species

mass fraction gradients along the radial coordinate of the reactor is
investigated. Results computed considering the 2D model are compared
with results predicted by a 1D model (distributed model exclusively
along the axial direction). For ease of solution computation, the same
computational domain considered for the 2D model was applied to ob-
tain 1D numerical solutions. The only differences between both models
rely on the boundary conditions applied at the lateral wall (𝑟 = 𝑅) and
the concentrated solar heat flux value. At the reactor lateral wall, the
1D model assumes negligible radial gradients for the solved variables
(zero-Neumann) and slip boundary conditions. The concentrated solar
heat flux distribution is uniform (constant) for the 1D model. Three
different concentrated solar heat flux (𝑞′′0 ) values are considered for
the 1D model: (i) the value computed with the parameters 𝐴 and 𝐵
(see Table 2) in Eq. (17) at the lateral wall (𝑞′′0,1 ≈ 538.73 kW m−2);
ii) the radial average value considering the stated parameters and
quation (𝑞′′0,2 ≈ 938.74 kW m−2); and (iii) the value computed with
he stated parameters and equation at the reactor centerline (𝑞′′0,3 =
1500.00 kW m−2). Case (ii) is the most representative case for the actual

2D problem. The remaining cases are herein considered to compare the
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Fig. 16. Axial profiles of gas and solid temperatures (a), CH4 and H2O mole fractions
b), and H2 and CO mole fractions (c) at the lowest inlet velocity for the 2D model
nd for the 1D model considering three different values for the concentrated solar heat
lux at the reactor front section.

orresponding 1D model results with the 2D model results at the lateral
all and centerline — Cases (i) and (iii), respectively.

Figs. 16(a), (b), and (c) present axial temperature, reactants mole
raction, and products (H2 and CO) mole fraction profiles, respectively,
onsidering the lowest inlet gas velocity for the 1D and 2D models.
able 9 lists the reactor performance parameters obtained with the 1D
nd 2D models. Fig. 16(a) shows that the 1D model featured with the
verage value for the concentrated solar heat flux (𝑞′′0,2) predicts slightly
ower solid and gas temperatures along the reactor in comparison with
he radial average profiles along the axial direction computed with the
D model. The lower solid temperatures observed for the 1D model are
n agreement with the higher thermochemical efficiency presented in
able 9. The 1D model predicts higher chemical efficiency, conversion
f reactants, and H2 and CO selectivity values than the 2D model — see
able 9. However, the 1D model is unable to predict the large range
f temperatures and species mole fractions between the centerline and
he lateral wall for the same reactor axial position, which is particularly
elevant near the reactor entrance section — see Figs. 16(a)–(c).

For the highest inlet gas velocity (𝑢in,2), Table 9 shows similar
alues for the thermochemical efficiency obtained by both models. For
19
Table 9
Performance parameters computed considering the 1D and 2D models for two operating
conditions — see Table 2.

Parameter Model dimension

1D 2D

𝑞′′0,1 𝑞′′0,2 𝑞′′0,3
𝑢in,1 𝑢in,1 𝑢in,2 𝑢in,1 𝑢in,1 𝑢in,2

𝜂𝑡ℎ [%] 78.7 78.6 81.2 73.5 77.3 81.3
𝜂chem [%] 32.7 44.7 29.2 33.6 43.5 29.7
𝜒CH4

[%] 39.6 87.0 30.6 100.0 84.7 30.6
𝜒H2O [%] 23.2 40.4 17.6 39.7 39.5 17.0
𝑆H2

[%] 39.3 62.3 31.5 63.8 61.3 31.1
𝑆CO [%] 24.0 60.7 27.5 80.9 60.2 33.2
H2∕CO [–] 15.7 5.6 13.6 3.9 5.6 11.0
𝑇𝑠,max [K] 938.7 1080.5 978.8 1451.6 1420.0 1174.6
𝑇 avg
𝑠 [K] 882.9 989.8 886.5 1443.4 1004.6 886.6

𝑇 avg
𝑔,out [K] 858.0 950.9 859.7 1451.5 951.7 856.5

𝛥𝑝 [Pa] 107.0 160.6 214.6 340.1 163.2 216.6

this operating condition, the 1D solid temperature profile is almost
coincident with the radial average solid temperature profile for the
2D model with a maximum absolute difference of about 6 K — not
shown. (See the temperature profiles predicted by the 2D model for
this operating condition in Fig. 7(b).) With an increase in the inlet
gas velocity, the differences for the values of reactants conversion and
H2 selectivity between both models generally decrease. An exception
is observed for the CO selectivity whose difference between model
approaches is increased by increasing the inlet gas velocity from 0.25
to 0.50 m s−1. For high inlet gas velocities, CO selectivities predicted
by the 1D model are clearly lower than the values predicted by the
2D model — this was also observed for higher inlet gas velocities,
particularly for 0.75 and 1.00 m s−1 (not shown). For high inlet gas
velocities, the preferential production of CO2 rather than CO observed
for the 1D model in relation to the performance of the 2D model is due
to the lower temperatures obtained by the 1D model in relation to local
higher temperatures along the radial direction computed with the 2D
model. Consequently, for high inlet gas velocity values, the ratio H2∕CO
is overpredicted by considering the 1D model.

Considering the 1D model applied with the lowest concentrated
solar heat flux value (𝑞′′0,1), lower temperatures and products mole
fractions than those observed with the 2D model at the lateral wall
are registered — see Figs. 16(a) and (c). Therefore, although both
models (1D and 2D model at the lateral wall) take into account an
equal concentrated solar heat flux value, the 2D model at the lateral
wall presents better reforming performance (lower reactants and higher
products mole fractions) due to the net radiative and conduction heat
gains from the interior of the reactor.

The 1D model applied for the highest concentrated solar heat flux
value (𝑞′′0,3) presents lower solid temperatures near the reactor front sec-
tion and higher solid temperatures downstream in comparison with the
2D model solid temperatures at the reactor centerline — see Fig. 16(a).
Since the irradiation heat flux is equal for both cases (1D model
applied with 𝑞′′0,1 and 2D model at the reactor centerline), lower solid
temperatures should be observed for the 2D model due to radial net
radiative heat losses and conduction heat transfer from the reactor
centerline once such mechanisms are not available in the 1D model.
However, this is not observed near the reactor entrance section because
for the 2D model the axial velocity component, mixture composition,
and temperature are not uniform along the radial direction at the
reactor entrance section — see Figs. 12(a)–(c) —, whereas for the 1D
model, radial gradients are intrinsically absent. Particularly, near the
reactor front section and at the centerline, the velocity magnitude for
the 2D model is slightly lower than for the 1D model. Consequently,
local convection heat transfer coefficients are lower in this region for

the 2D model than for the 1D model, the solid phase has a higher
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resistance to transfer heat to the gas phase, and ultimately, its steady-
state temperature increases. This higher convection thermal resistance
observed in the 2D model in comparison with the 1D model near
the reactor entrance and at the centerline justifies the higher solid
temperatures observed for the 2D model.

The 1D model applied with 𝑞′′0,1 and 𝑞′′0,3 strongly underpredicts and
overpredicts, respectively, temperatures, reactants conversion, H2 and
O selectivity values — see Table 9. The ratio H2∕CO is overpredicted
onsidering 𝑞′′0,1 and underpredicted considering 𝑞′′0,3. The chemical

efficiency obtained for 𝑞′′0,1 and 𝑞′′0,3 is lower than the actual 2D value.

4.2.6. Convection heat transfer correlations
The reactor performance predicted taking into account two different

correlations for the local volumetric convection heat transfer coeffi-
cient is herein presented and compared. These two correlations were
developed by: (i) Xia et al. [32] (see Eq. (9)); and (ii) Wu et al. [101]
(see Eq. (62), where 𝑅𝑒 ≡ 𝜌𝑔 |𝐮| 𝑑𝑐∕𝜇𝑔). The later correlation was
developed through pore-scale numerical simulations with simplified
(idealized) foam geometrical models along the ranges 0.66 < 𝜙 < 0.93
and 70 < 𝑅𝑒 < 800. This correlation has been extensively applied in the
literature [9,11,14].

ℎ𝑣 =
𝜆𝑔𝑅𝑒0.438

𝑑2𝑐

(

32.504𝜙0.38 − 109.94𝜙1.38 + 166.65𝜙2.38−

86.98𝜙3.38)
(62)

Both correlations were developed for open-cell foam structures and
are widely applied for concentrated solar energy applications. (This
study could have embraced more correlations such as those considered
in Refs. [14,31–33]. However, some of such additional correlations
were not developed for open-cell foam structures under concentrated
solar energy conditions and have a marginal application relevance in
literature of the current topic.)

Figs. 17(a), (b), and (c) present axial temperature profiles, axial
CH4 and H2 mole fraction profiles, and axial and radial profiles for the
volumetric convection heat transfer coefficient, respectively, predicted
according to the two correlations under consideration for the lowest
inlet gas velocity. Table 10 lists the corresponding reactor performance
parameters computed for the two inlet gas velocities defined in Table 2.
Fig. 17(a) shows that near the reactor entrance section the correlation
reported by Wu et al. predicts simultaneously lower solid temperatures
and, more strikingly, higher gas temperatures — and, consequently,
lower temperature differences between phases — than the correlation
reported by Xia et al. This is due to the fact that the correlation pro-
posed by Wu et al. provides higher values for the volumetric convection
heat transfer coefficient than the correlation proposed by Xia et al. —
see Fig. 17(c). (The order of magnitude for the values presented in
Fig. 17(c) are in agreement with the literature [14].) At the reactor
centerline, the average volumetric convection heat transfer coefficients
predicted with the correlations by Wu et al. and Xia et al. are about
1.07 × 106 and 0.29 × 106 W m−3 K−1, respectively. Considering the
porous structure specific surface area (see Table 1), the stated average
volumetric convection heat transfer coefficients correspond to about
453.39 and 122.88 W m−2 K−1 in terms of (surface) convection heat
transfer coefficients (ℎ ≡ ℎ𝑣∕𝑎𝑣). The average ℎ value predicted with
the correlation developed by Xia et al. is well within the typical range
for gases under the forced convection regime (25 − 250 W m−2 K−1),
whereas the value calculated with the correlation proposed by Wu et al.
is somewhat above such range.

Along the first few millimeters of the reactor and considering the
correlation by Wu et al., more power is transferred from the solid
matrix to the gas-phase mixture, and consequently, less power is avail-
able for driving chemical reactions (taking place at the solid-phase
surface) and feeding radiative heat losses. Note that considering the
correlation by Wu et al., lower rates of species consumption/production
are observed and concluded by slightly lower (higher) values for H2
20

CH4) mole fractions observed near the reactor entrance section — see
Fig. 17. Axial profiles of gas and solid temperatures (a) and CH4 and H2 mole fractions
b), and axial and radial profiles for the volumetric convection heat transfer coefficient
t the reactor centerline and front section, respectively (c) at the lowest inlet velocity
omputed with the correlations reported by Wu et al., 2011 [101] and Xia et al.,
017 [32].

Table 10
Performance parameters computed considering two different correlations for the vol-
umetric convection heat transfer coefficient and for two operating conditions — see
Table 2.

Parameter Convection heat transfer correlation

Wu et al., 2011 [101] Xia et al., 2017 [32]

𝑢in,1 𝑢in,2 𝑢in,1 𝑢in,2
𝜂𝑡ℎ [%] 78.0 82.1 77.3 81.3
𝜂chem [%] 44.1 30.3 43.5 29.7
𝜒CH4

[%] 85.7 31.2 84.7 30.6
𝜒H2O [%] 39.8 17.2 39.5 17.0
𝑆H2

[%] 61.7 31.5 61.3 31.1
𝑆CO [%] 60.8 34.4 60.2 33.2
H2∕CO [–] 5.6 10.6 5.6 11.0
𝑇𝑠,max [K] 1401.6 1135.8 1420.0 1174.6
𝑇 avg
𝑠 [K] 1006.8 887.9 1004.6 886.6

𝑇 avg
𝑔,out [K] 953.8 858.4 951.7 856.5

𝛥𝑝 [Pa] 168.0 224.9 163.2 216.6

Fig. 17(b). In addition, note that lower radiative heat losses (lower solid
temperatures) are in line with the higher thermochemical efficiency
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values predicted while applying the correlation reported by Wu et al.
— see Table 10. Downstream the reactor entrance section, the power
transferred to the gas mixture along the first few millimeters of the reac-
tor is transferred back to the solid phase to promote chemical reactions.
Although this heat exchange mechanism is observed independently of
the applied correlation, this power contribution is much more relevant
for the correlation reported by Wu et al., which justifies the overtake
observed by the radial average mole fraction profiles obtained with this
correlations at about 0.08 m (see Fig. 17(b)), and the higher values
bserved in Table 10 for chemical efficiency, reactants conversions,
nd syngas selectivities. (This heat exchange mechanism is generally
ot observed considering the reaction heat accounted for in the gas-
hase energy balance since the radial-averaged gas-phase temperature
s always below the radial-averaged solid-phase temperature — see
ig. 14(a).)

If the gas-phase temperature were considered to compute the sur-
ace reaction rates, higher reaction rates would be expected near the
eactor entrance section considering the correlation suggested by Wu
t al. — since the gas temperatures are higher than those obtained
ith the correlation by Xia et al. — as well as higher thermochem-

cal efficiency values. Similar conclusions have been observed in the
iterature [14].

The LTE approach becomes as suitable as the temperature difference
etween phases decreases which is observed as the volumetric convec-
ion heat transfer coefficients are increased — both phases truly achieve
hermal equilibrium conditions for an infinite volumetric convection
eat transfer coefficient. In the literature, LTE models — applied mainly
o predict the performance of volumetric solar absorbers — have shown
o predict lower radiative heat losses, and consequently, higher thermal
fficiency values in comparison with LTNE models featuring suitable
nd finite convection heat transfer coefficients [34]. This is in agree-
ent with the results herein presented: since the correlation by Wu

t al. provides a higher thermal coupling level between phases than the
orrelation by Xia et al., the thermochemical efficiency is also higher

see Table 10.
Although local differences between the reactor performance apply-

ng both correlations are particularly relevant for gas temperatures and
ear the reactor entrance section, the differences are not significant at
he reactor outlet section. This is due to the considered reactor length,
o comparable radiative heat losses obtained with both correlations,
nd to the fact that surface kinetics is evaluated at local temperature
alues of the solid phase.

.2.7. Effective solid thermal conductivity correlation
In this section, two correlations for the effective solid thermal

onductivity are considered. Numerical model results computed with
he correlation given by Eq. (13) (in this study referred to as Correla-
ion 1) are compared with the results evaluated considering Eq. (63)
Correlation 2).

𝑠,eff = (1 − 𝜙) 𝜆𝑠 (63)

These correlations have been applied in the literature for ceramic open-
cell foams in concentrated solar power applications — see e.g. Refs. [15,
18,45,49,94,102–104] and [8,34,43,46,105] for works applying Corre-
lation 1 and Correlation 2, respectively. Nevertheless, Correlation 1 has
been the most preferred correlation.

Figs. 18(a), (b), and (c) present axial temperature, reactants mole
fraction, and products (H2 and CO) mole fraction profiles, respectively,
considering the lowest inlet gas velocity for Correlations 1 and 2.
Table 11 lists the reactor performance parameters obtained with the
two correlations.

Fig. 18(a) shows that applying Correlation 2 lower centerline and
average temperatures are observed in relation to the results computed
with Correlation 1. Moreover, the range of temperatures is narrower
(along the radial and axial directions) with Correlation 2 than with
21

Correlation 1. Note that for a particular axial position, the highest
Fig. 18. Axial profiles of gas and solid temperatures (a), CH4 and H2O mole fractions
(b), and H2 and CO mole fractions (c) at the lowest inlet velocity predicted by different
correlations for the effective solid thermal conductivity.

Table 11
Performance parameters computed considering different effective solid thermal
conductivity correlations for two operating conditions — see Table 2.

Parameter Effective solid thermal conductivity (𝜆𝑠,eff ) correlation

(1 − 𝜙) 𝜆𝑠 (Correlation 2) (1∕3) (1 − 𝜙) 𝜆𝑠 (Correlation 1)

𝑢in,1 𝑢in,2 𝑢in,1 𝑢in,2
𝜂𝑡ℎ [%] 79.1 81.8 77.3 81.3
𝜂chem [%] 44.7 29.5 43.5 29.7
𝜒CH4

[%] 86.9 30.6 84.7 30.6
𝜒H2O [%] 40.2 17.3 39.5 17.0
𝑆H2

[%] 62.2 31.4 61.3 31.1
𝑆CO [%] 61.0 29.8 60.2 33.2
H2∕CO [–] 5.6 12.4 5.6 11.0
𝑇𝑠,max [K] 1201.1 1064.2 1420.0 1174.6
𝑇 avg
𝑠 [K] 993.1 887.4 1004.6 886.6

𝑇 avg
𝑔,out [K] 960.3 863.8 951.7 856.5

𝛥𝑝 [Pa] 161.6 216.4 163.2 216.6

and lowest temperatures are registered for the Correlation 1 — at
the centerline and lateral wall, respectively. Since solid temperatures
are lower for Correlation 2, radiative heat losses are also lower and
thermochemical efficiency are higher in comparison with Correlation 1
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— see Table 11. In Figs. 18(b)–(c), higher reaction rates are observed
near the reactor entrance section for Correlation 1 by lower (higher)
reactants (products) mole fraction values. However, due to the higher
radiative losses acknowledged for Correlation 1 and to the considered
length for the reactor, the reforming performance at the reactor outlet
section is slightly better for Correlation 2 — see Table 11.

The comparison between the results obtained with these two corre-
lations can also be seen as a comparison between two different values
for the intrinsic solid thermal conductivity (𝜆𝑠) for the same correlation
— i.e., in Figs. 18(a)–(c) and Table 11, the results for Correlation 2
can be interpreted as results obtained with Correlation 1 with a three-
fold increase in 𝜆𝑠. Under such a perspective, the qualitative behavior
or the reactor performance herein observed is generally in agree-
ent with literature studies on the effect of solid thermal conductivity

n concentrated solar volumetric absorbers [34,45,106] and reactors
or methane steam reforming [19], methane dry reforming [15], and
ethane bi-reforming [10].

. Conclusions

In the last decade, the performance of solar thermochemical reac-
ors (and volumetric solar absorbers) has been predicted considering
ifferent model formulations and simplifying assumptions. In this work,
idely applied modeling assumptions and closure models are compared

or the prediction of solar-driven methane steam reforming in an open-
ell foam reactor. A consistent set of governing equations and boundary
onditions are provided in compliance with the volume-averaging ap-
roach. Particular discussions on conflicting modeling details applied
n the literature are provided. Detailed surface reaction kinetics for
ethane steam reforming is considered. The model is successfully veri-

ied considering different benchmark results. The following conclusions
an be drawn from this study:

• according to chemical equilibrium calculations, for the lowest
inlet gas velocity considered (𝑢in,1) a reactor thermochemical
efficiency in the range 81.6%–87.3% is required to observe the
maximum values for H2O conversion, H2 selectivity, and 𝜂chem∕𝜂𝑡ℎ
ratio; for 2𝑢in,1, these maximum values cannot even be achieved
since a thermochemical efficiency higher than one would have to
be considered;

• for the lowest inlet gas velocity, the detailed investigation on
the reactor performance reveals a thermochemical efficiency ap-
proximately equal to 77.3% (for an inert porous structure this
value would be equal to 59.3%); the most relevant power loss
contribution occurs through the reactor front face; an increase in
the inlet gas velocity promotes a decrease in power losses, and,
consequently, an increase in the thermochemical efficiency, even
though chemical efficiency decreases — the absorbed power is
preferentially stored as sensible (thermal) energy;

• the computational domain should be extended upstream from
the reactor inlet section to avoid two issues: (a) scalar non-
conservation while applying inlet first-type boundary conditions
to gas-phase governing equations featuring diffusive transport
terms; and (b) inability to account for preferential flow paths at
the inlet section promoted by a non-uniform downstream radial
temperature distribution;

• neglecting species and gas-phase heat diffusion mechanisms re-
sults in slightly higher gas and solid maximum temperatures —
particularly, for lower inlet gas velocities —, even though the cor-
responding radiative heat losses are not significantly increased;

• remarkable differences are observed while considering the re-
action heat (net heat consumption due to catalytic reactions)
accounted for in gas-phase or solid-phase energy balances; the
reaction heat should be assigned to the solid-phase energy bal-
ance as it is commonly considered in the heterogeneous catalysis
reactor modeling literature;
22
• lower radiative heat losses (higher thermochemical efficiencies)
are predicted applying the local thermal equilibrium (LTE) ap-
proach in relation to the local thermal non-equilibrium (LTNE)
approach; centerline and radial average temperature profiles
along the axial direction predicted by LTE model are in between
the corresponding solid and gas temperatures profiles predicted
by the LTNE; LTE model results are strikingly different from the
results obtained applying the LTNE model with the reaction heat
accounted for in the gas-phase energy balance (class of models
extensively applied for solar volumetric reforming reactors);

• a one-dimensional model provided with an average concentrated
solar heat flux value is able to predict the reactor integral per-
formance but unable to predict the large temperature and species
mole fraction differences observed near the reactor inlet section
along the radial direction;

• the correlation for local volumetric convection heat transfer co-
efficients suggested by Wu et al. provides higher values than
the correlation developed by Xia et al.; consequently, solid- and
gas-phase temperature differences are lower for the former cor-
relation; convection heat transfer coefficients predicted with the
empirical correlation by Xia et al. are within the typical range for
forced convection regime whereas the values predicted by the Wu
et al. correlation are relatively higher;

• two different effective solid thermal conductivity correlations
commonly applied in the literature for open-cell foams predict
a significantly different local reactor performance and slightly
different integral performance, particularly for low inlet gas ve-
locities.

The relevance of this work extends well beyond concentrated solar
thermochemical applications since similar models and assumptions
have also been broadly applied for predicting the performance of
volumetric solar absorbers.
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