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Abstract: The heat transport management in catalytic reactors is crucial for the overall reactor
performance. For small-scale dynamically-operated reactors, open-cell foams have shown
advantageous heat transport characteristics over conventional pellet catalyst carriers. To design
efficient and safe foam reactors as well as to deploy reliable engineering models, a thorough
understanding of the three heat transport mechanisms, i.e., conduction, convection, and thermal
radiation, is needed. Whereas conduction and convection have been studied extensively, the
contribution of thermal radiation to the overall heat transport in open-cell foam reactors requires
further investigation. In this study, we simulated a conjugate heat transfer case of a pCT based foam
reactor using OpenFOAM and verified the model against a commercial computational fluid
dynamics (CFD) code (STAR-CCM+). We further explicitly quantified the deviation made when
radiation is not considered. We studied the effect of the solid thermal conductivity, the superficial
velocity and surface emissivities in ranges that are relevant for heterogeneous catalysis applications
(solid thermal conductivities 1-200 W m" K; superficial velocities 0.1-0.5 m s'; surface emissivities
0.1-1). Moreover, the temperature levels correspond to a range of exo- and endothermal reactions,
such as CO:2 methanation, dry reforming of methane, and methane steam reforming. We found a
significant influence of radiation on heat flows (deviations up to 24%) and temperature increases
(deviations up to 400 K) for elevated temperature levels, low superficial velocities, low solid thermal
conductivities and high surface emissivities.
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1. Introduction

The management of heat transport in catalytic reactors is known to be key for optimizing yield
and ensuring safe and robust operation [1]. Especially in exothermic reactions (e.g., CO:z
methanation), ignoring proper heat transport design of the reactor can lead to uncontrollable hot-
spot formation or even thermal runaways. Moreover, catalysts can be harmed due to sintering effects
or unwanted byproducts that might be formed, which then lead to catalyst poisoning [2]. The highly
exothermic CO2 methanation reaction is part of the power-to-gas (PtG) concept where renewable
excess energy (e.g., from wind turbines) is stored (electro-)chemically by converting hydrogen and
carbon dioxide to methane. This process, among others, has the potential to drastically reduce the
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dependence on fossil fuels and reduce carbon dioxide emissions. The supply of renewable energy is
fluctuating, which leads to a demand of dynamic operable reactors [3]. Additionally, the power grids
might not be able to withstand and transport all renewable energy during peak wind or sun hours,
which makes small scale dynamic operated plants a current research topic [4]. Usually, catalytic
fixed-bed reactors that contain pellets are used for steady conversion of hydrogen to methane. Recent
studies have shown, that, for small-scale reactors and low flow rates, structured catalyst carriers (such
as open-cell foams) have advantageous heat transport properties over conventional packed bed
reactors [5-7]. Open-cell foams are characterized by an interconnected solid matrix, allowing for
unhindered radial heat transport as well as high porosities and relatively high specific surface areas,
yielding low pressure drop and proper catalyst inventory, respectively [8].

The three heat transport mechanismes, i.e., conduction, convection, and thermal radiation, in the
bed need to be understood to properly design catalyst carriers. For the investigation of heat transport
mechanisms in catalyst carriers, computational fluid dynamics (CFD) simulations have proven to
deliver valuable insight [9-13]. Using CFD techniques, pure thermal conduction and conjugate heat
transfer were studied in irregular foams [14-16] as well as idealized foams [17-19]. In contrast, studies
on radiative heat transport in open-cell foams and structured reactors are rare. The Stefan—Boltzmann
law describes the maximum heat flow emitted by a surface of a black body depending on the body
temperature:

q=0Td 1)

with g being the specific heat flow, ¢ the Stefan-Boltzmann constant and Ts the solid body
temperature. This relationship underlines that the contribution of radiation to the overall heat
transport is low for reactions at low to medium temperature and explains why radiation is often
neglected in modeling. Studies dealing with thermal radiation in open-cell foams mainly focused on
deriving optical parameters and deploying analytical or pseudo-homogeneous models that are based
on the so-called Rosseland approximation [20-25]. The pseudo-homogeneous approaches do not
distinguish between solid and fluid phase and utilize effective transport properties (e.g., effective or
two-phase thermal conductivity) which can be used to estimate general contributions of radiation to
the overall heat transport. For instance, the general influence of temperature levels, window
diameter, or thermal conductivity on the total heat flows can be evaluated. However, homogeneous
models are only suitable for a certain parameter range (i.e., velocity, foam properties, and
temperature range) and, compared to experiments, can deviate in the order magnitude of about 30—
40% [26,27]. Furthermore, homogeneous models are not always suitable for prediction of
temperatures when heat is produced in the solid (i.e., exothermic reaction) [28]. An overview of
currently available pseudo-homogenous models for open-cell foams as well as their range is for
example given in [6]. Furthermore, experimental techniques and pseudo-homogeneous models
generally cannot resolve occurring heat flows between the solid foam, fluid, and reactor wall parts
that might give valuable insight in the foam’s heat transport ability. In contrast, three-dimensional
CFD simulations of an open-cell foam embedded in a tube can supply information about the different
heat flows that are mandatory to fully understand structured reactors and, hence, improve the
general design [28]. Some researchers considered radiation in their CFD models, e.g., for solar
receivers [29] and for catalytic exothermic reactions (catalytic partial oxidation of methane [30]; dry
reforming of methane [31]; CO oxidation [32]; methane steam reforming [33]). The explicit
consideration of radiation in catalytic gas-phase reactors has a significant influence on the computed
concentration and temperature fields which was shown in a honeycomb reactor for the partial
oxidation of methane [34] and in a pellet reactor for the methane steam reforming reaction [35]. Hettel
et al. [34] found temperature increases of up to 56 K and Wehinger and Flaischlen [35] found a
maximum yield increase of up to 70% with temperature differences below 40 K. The influence of
radiation modeling on simulated temperature and yields decreased for a higher Reynolds number
(i.e., superficial velocity) as the relative contribution of dispersion increases [35]. In a different study,
a pure conjugate heat transfer case in a fixed-bed pellet reactor also indicated the importance of
radiation modeling for the design of catalytic reactors since neglecting radiation led to a 6%
temperature increase for a wall temperature of 800 K [36]. To sum up, radiation in CFD simulations
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of catalytic reactors should generally be considered for elevated temperatures and low superficial
velocities [37].

The real geometry of open-cell foams are complex, thus modeling and simulation of catalytic
reactions in such reactors are highly demanding in terms of mesh quality and computational time
[38]. In order to mimic exothermic (or endothermic) reactions and study heat flows and temperature
fields by means of CFD simulations, we proposed to implement uniformly distributed heat sources
(or sinks) in the solid [28]. For the CO2 methanation reaction in a 25 x 24 mm foam, we estimated a
heat source intensity of 50 W (i.e., 1.9 x 107 W m3). Generally, this approach supplies the desired heat
flows and allows to study thermal effects decoupled from chemistry. However, radiation was not
considered in the study. As the explicit simulation of thermal radiation is computationally expensive,
it is therefore important to quantify under which conditions radiation can be neglected.

In this study, we quantify the effect of thermal radiation on heat flows and temperature
distributions in a 10 ppi open-cell foam structured reactor with heat production in the solid, i.e.,
homogeneously distributed heat sources. The steady-state conjugate heat transfer simulations are
carried out with and without radiation for several input parameters, such as solid thermal
conductivity (1-200 W m™ K1), superficial velocity (0.1-0.5 m s™), surface emissivity (0-1) and
temperature level that are relevant for heterogeneous catalysis and industrial process conditions. For
this close-to-reactor setup, the temperature levels and the analyzed range correspond roughly with
prominent reactions like the Fischer-Tropsch synthesis (500 K, [39]), CO2 methanation (700 K, [2]),
dry reforming of methane (900 K, [40]), and steam reforming of methane (1200 K, [41]). The geometry
information of the open-cell foam is based on a pCT scan, and the simulation is carried out in the
open source CFD framework OpenFOAM. Further, the model is verified against a commercial CFD
code (STAR-CCMH+). In particular, we analyze the influence of radiation modeling on occurring heat
flows as well as solid temperature distributions. We expect this study to guide through the conditions
under which the modeling of thermal radiation in a foam reactor is necessary.

2. Results and Discussion

2.1. Model Verification

In our previous study [28], the conjugate heat transfer model of the 10 ppi foam was validated
against correlations and verified against other CFD data for heat transfer coefficients and pressure
drop. To ensure reliable results, a grid independence study was conducted (Figure 1), where the mesh
with approximately 4 million cells indicated sufficient results for the model with and without
radiation.
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Figure 1. Grid independence study for the OpenFOAM mesh. The mesh with approx. 4 million cells
was found to be sufficient for this study. Conditions: Tw=600K; v=0.5m s™"; S=50 W; £ =0.9; As=5
Wm K™
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In a second step, the open source OpenFOAM model was verified against the commercial STAR-
CCM+ model (see Figure 2). All fluid parameters, except for the emissivity «, are temperature-
dependent and corrected in both models. In contrast, the solid properties are fixed. Resulting heat
flows for both models are depicted in Figure 2a,b. All fixed temperature boundary conditions have
the same value, which means the only energy entering the system is caused by the volumetric
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homogeneously distributed heat source in the solid (see Figure 3).
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Figure 2. Verification of OpenFOAM results w/and w/o radiation against commercial software STAR-
CCM+. Conditions: As=5 W m'K'1;v=05ms7; ¢ =0.9. (a) Heat flows at Tw = 900 K; (b) heat flows
at Tw =1200 K; (c) temperatures at Tw = 900 K; (d) temperatures at Tw = 1200 K.
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Figure 3. Depiction of temperature fields and heat flows with and without radiation for the

verification case simulated in OpenFOAM. The applied heat source S causes a conductive heat flow
to the wall (Qsw) and a convective heat flow to the fluid (Qsr). Conditions: Tw=900; As=5 W m1K7; v
=05mst e=0.9.

Therefore, the simple global energy balance for the system reads:
S =50W = Qsr + Qsw, @)

where Qsr denotes the heat flow transferred from the solid to the fluid and Qsw denotes the
conductive heat flow from the solid to the wall. The bar graphs in Figure 2a,b, thus all individually
sum up to 50 W. For a wall temperature of Tw = 900 K (a) and without considering radiation, the
convective part of the stacked bar (blue: solid/fluid) is less than 20% of the overall heat flow for both,
the OpenFOAM as well as the STAR-CCM+ model. When radiation is accounted for, this ratio
becomes larger than 20%. The consideration of radiation in the conjugate heat transfer model enables
another heat transport path for the thermal energy. Hence, the solid temperature distribution
becomes more homogeneous (see Figure 3). Here, the heat flow from solid to wall is purely
conductive whereas computed heat flow from solid to fluid combines convective as well as radiative
heat transfer. Consequently, the computed heat flow from solid to fluid increases. This is because the
more homogeneous solid temperature causes a larger (i.e., distributed over a larger foam part)
temperature gradient between solid and fluid at the parts of the foam that were cooler when radiation
was neglected. For a wall temperature of Tw = 1200 K (b), the same behavior can be observed. In
general, the calculated heat flows from OpenFOAM and STAR-CCM+ are comparable for both
temperature levels and with or without radiation, indicating the applicability of either software.
The extra heat transport pathway due to radiation significantly influences the temperature
distribution. A flattening of maximum and mean solid temperatures can be observed upon
consideration of radiation for both temperatures (see Figure 2c,d). Comparing the maximum and
median temperature with and without radiation between OpenFOAM and STAR-CCM+, the
differences between both software packages are more pronounced compared to the heat flows,
especially when looking at the maximum solid temperature calculated from both software packages.
This deviation is, however, still insignificant, with a maximum discrepancy of less than 15 K at most.
The temperature histograms (Figure 4a,b) show a qualitatively comparable distribution of the
temperature increases per volume fraction regardless if radiation is considered or not. However,
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deviations between both software packages are identifiable especially for the last bins of Figure 4a,b.
It can therefore be concluded that the alternating applied discretization methods (e.g., cell
morphology) could be the reason for the slight deviations. The negligible deviations between both
software packages indicates the applicability of either tool. The detailed solid and fluid temperature
distribution of all cases are not shown in the following, since for the very same foam we already
analyzed temperature fields of both phases for several applied heat source intensities, superficial
velocities, and thermal conductivities systematically [28]. We concluded that the entire solid and fluid
temperature fields shift similarly and hence show same trends. In the following, we also omit
showing both heat flows, i.e., solid/fluid and solid/wall, since the missing can easily be calculated
using Equation (2).
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Figure 4. Histogram of temperature increases for the verification case. Conditions: Tw = 900; As=5 W
m' K, v=05ms7; £ =0.9. (a) No radiation considered; (b) radiation considered.

2.2. Quantification of Heat Flows and Temperature Distributions

2.2.1. Influence of the Wall Temperature and Solid Thermal Conductivity

Figure 5 shows fluid temperature in the center plane for a case with and without radiation (Tw =
900; As=5 W m-1K™"). Here, the fluid temperature drastically increases when radiation in the model is
neglected. Furthermore, the overall increased fluid temperature also enhances the development of
the temperature wake behind the foam. Consequently, the solid foam temperature increases when
radiation is neglected (Figure 5). Keep in mind that a constant heat source (50 W) is set in the solid
volume. A perfect wall contact between foam and wall ensures unhindered heat transport [42], which
results in a relatively cool outer zone of the foam. In contrast, inside the solid, hot spots develop
which strongly depend on the thermal conductivity [28]. The drastic changes in both fluid and solid
temperatures, due to radiation effects, can cause dramatically different results when an actual
catalytic chemical reaction is simulated. This is especially true when the overall conversion is mainly
influenced by the temperature (i.e., kinetically controlled regime). The homogeneously distributed
heat source approach cannot determine the actual maximum temperature of a chemical reaction,
because the heat production varies locally due to temperature-dependent kinetics. Nevertheless, the
maximum temperature increase, calculated by the heat source approach, can at least be expected in
an actual exothermal reaction when the same amount of heat is released.
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Figure 5. Depiction of temperature fields w/and w/o radiation. Conditions: Tw = 900; As =5 W m~!
KLov=05ms?t e=009.

The fact that neglecting thermal radiation effects in fixed-bed reactors can cause significantly
different simulated temperature distributions was already reported [35,36]. These results were
obtained for a specific reaction and pellets used as catalyst carriers. With the aid of heat sources, as
shown here, the thermal effects can be described decoupled from specific chemistry or reaction and
are thus more universal. To assess the deviation caused by neglecting radiation in heterogeneous
catalysis, we conduct a systematic parameter variation and quantify the influence of radiation
modeling on temperature profiles and heat flows. Firstly, we investigate the influence of the applied
temperature level on the heat flows (Figure 6). Since the absolute temperature level affects the
radiative heat flow by the power of 4 (see Equation (8)), the absolute deviation between cases with
and without considered radiation increases distinctively with temperature (as we will see). For the
cases depicted in Figure 5 (Tw =900 K and As =5 W m™ K™), the absolute deviation amounts to almost
7 W (14%). Furthermore, we observe that, from a threshold on (As = 5 W m™ K1), the absolute
deviations in radiative heat flow decrease with increasing solid thermal conductivities. This is due to
the less pronounced heat transport limitations in the foam center for high conducting materials. Here,
heat is more likely transported via conduction through the continuous solid strut network and thus,
the two models yield more comparable results. Even for quite high solid thermal conductivities the
absolute deviations in radiative heat flow can be substantial. For instance, for As=50 W m 1K at Tw
=1200 K the absolute deviation amounts to 8 W (16%) and for As =200 W m™ K- still to approx. 4 W
(8%), respectively. That means even for highly conducting materials (e.g., metals) radiation in open-
cell foams cannot generally be neglected at low flowrates.
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Figure 6. Influence of thermal conductivity on absolute deviations in heat flows for different
temperature levels. Conditions: v=0.5m s™; ¢ =0.9.

Interestingly, the absolute deviation in heat flows is not monotonically decreasing with As, but
the values for very low thermal conductivities, i.e., As=1 W m™ K-, are all lower than for intermediate
values. Here, the absolute deviation caused in radiative heat flow can be almost 50% lower than at As
=5 W m K- (which is the second data point, compare for instance purple line in Figure 6). The reason
for that diverging behavior certainly lies in the drastic temperature increase of both phases (fluid and
solid) at very low solid thermal conductivity. The corresponding maximum and mean deviations in
temperature increases support this hypothesis (Figure 7). Between the two smallest investigated solid
thermal conductivities, i.e., when Asis increased from 1 W m1 K- to 5 W m™ K-, the deviations in
maximum and mean temperatures decrease tremendously. As a consequence, for the given boundary
conditions, the impact of radiation modeling on heat flows is negligible at very low As as the entire
system itself (fluid and solid temperatures) forms a temperature hot spot. Here, the relative difference
between the phase temperatures decrease and hence the absolute deviation of the heat flows.
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Figure 7. Influence of thermal conductivity on absolute deviations in solid temperatures for different
temperature levels. Conditions: v=0.5ms™; ¢ =0.9. (a) Maximum temperature; (b) mean temperature.

The absolute deviations in radiative heat flows and in maximum and mean temperature increase
show a similar general trend. Hence, increasing thermal conductivities generally decreases the
deviation caused when radiation is not considered. However, the absolute deviations of radiative
heat flows might significantly differ from the temperature deviation when compared at the same
certain condition. As an example, for a solid thermal conductivity of As=50 W m™1K-, the absolute
deviation for both maximum and mean temperature increase are negligible regardless of the applied
temperature level (Figure 7a,b). In contrast, the absolute deviations in heat flows can still be as high
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as 8 W (of 50 W total heat flow). Even at As=200 W m K1, there is a 4 W (i.e., almost 10%) deviation
in radiative heat flow at 1200 K wall temperature while deviations in mean and maximum
temperature increase are virtually non-existent. This indicates that the ability of the foam to transport
heat via conduction (i.e., the thermal conductivity) is not limiting and can balance the missing
contribution of the radiation. Concluding, even though no temperature changes can be identified
between models with and without radiation, the absolute and relative deviation in computing the
heat flows can still be significant. Hence, one should consider these findings before omitting radiation
modeling in open-cell foams at elevated temperatures. Once again, we want to stress that, for actual
chemical reactions, the absolute deviations for maximum temperatures between models with and
without radiation should be even more severe (when equal amounts of heat production are
compared).

2.2.2. Influence of the Superficial Velocity

Catalytic foam reactors can outperform conventional pellet fixed-bed reactors at low velocities
[5]. Therefore, the influence of radiation modeling on heat flows as well as temperature increases at
different superficial velocities was also quantified. For a wall temperature of Tw =900 K and a solid
thermal conductivity of As=5 W m K-, the corresponding absolute deviations in heat flow as well
as deviations in maximum and mean temperature are plotted against the superficial velocity in
Figure 8a. Both the absolute deviation for heat flows and temperatures decrease with increasing
superficial velocity. In the investigated range of superficial velocities, the absolute error for heat flows
increases from about 7 W (14%, for 0.5 m s) to about 12 W (24%, for v = 0.1 m s™). Due to increasing
convective heat transfer between the fluid and solid at higher superficial velocities, the foam is cooled
more efficiently. Therefore, the contribution of radiation as heat transport mechanism obviously
decreases with increasing superficial velocity, as convection becomes more dominant. This is
underlined by the specific heat flow from solid to wall plotted against the superficial velocity (Figure
8b). The transition line indicates the dominant heat removal mechanism. A value greater than 0.5
means conduction is dominant whereas a value lower than 0.5 mean convection is dominant. Here,
all simulations are conduction dominated, although the case with highest investigated velocity (0.5
m s') and considered radiation becomes close to convection dominated. Concluding, for foam
reactors with conditions where convection is dominant, the consideration of radiation is definitely
less important. Here, it can only be assumed that the absolute error, which can reach values up to
24% (Figure 6), would have an asymptotic behavior for even higher superficial velocities. This should
be addressed in further studies. We would like to note that the results from Figures 6 and 7 would
have shown even larger absolute deviations at smaller superficial velocities. Hence, the magnitude
of superficial velocities plays a major role in the consideration of radiation.
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Figure 8. Influence of the superficial velocity on transferred heat flows and maximum and mean solid
temperatures. (a) Absolute deviations between models w/and w/o considered radiation. (b) Specific
heat flow solid to wall. The transition line indicates the dominant heat removal mechanism (value >
0.5 = conduction; value < 0.5 = convection). Conditions: Tw =900 W; ¢ =0.9; As=5 W m™ K..
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2.2.3. Comparison with a Homogeneous Model

This work’s CFD simulations already highlighted and quantified the importance of radiation
modeling under certain process conditions (e.g., temperature level and solid thermal conductivity).
To assess if the modeling and simulation effort of CFD simulations for the presented cases is justified,
a comparison between CFD simulation results and analytical results calculated using a simple
pseudo-homogeneous model is conducted in the following. Pseudo-homogeneous models consider
only one effective phase and, thus, have an average temperature and an effective (or two-phase)
thermal conductivity. For homogeneous models this effective thermal conductivity is the key
transport property, which can be obtained through experiments or heterogeneous models. Since
homogeneous models only consider one phase, there is technically no heat transfer, only effective
heat transport. Currently, there are only two pseudo-homogeneous models available that consider
thermal radiation and forced convection [21,26]. The parameter range from Fischedick et al. [26] is
more suitable for this study and is consequently used in this study. The radial contribution to the
effective thermal conductivity resembles approximately with the heat flow from solid to wall and
further consists of a stagnant part (conduction + radiation) and a dispersive part (convection):

AEEH) — (A(Efﬂ +A(eff)) +A(eff) 3)

cond rad disp *

The ratio of conductive effective thermal conductivity to total effective thermal conductivity
should give the same trend as the specific heat flow solid to wall (Qsw 5). This approximation should
be valid as long as temperature differences remain low between the cases (i.e., high thermal solid
conductivities). The heat flow ratios and ratios of the effective thermal conductivities, respectively,
are plotted against the full range of thermal conductivities at different temperature levels in Figure
9. Both approaches show the same qualitative trend regardless of the consideration of radiation or
the applied temperature level. The homogeneous model reflects the trends of decreasing importance
of radiation modeling for increasing thermal conductivities as well as decreasing temperature levels.
It can also be seen that the simulation results as well as the analytical model agree better at high
thermal conductivity and low temperature level. With increasing temperature levels, the contribution
of radiation in the analytical model seems to be more pronounced than in the CFD simulations. When
compared to experimental data, the homogeneous model was able to match approximately 80% of
the data points with less than 30% deviation [26]. Hence, the homogeneous model can give a
convenient fast glance on the general contribution of radiation on the total heat transport. However,
for a more thorough quantification, CFD simulations or experiments are needed. Further, the need
for even more accurate (engineering) models that can be used for the estimation of heat transport
contributions becomes obvious.
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Figure 9. Comparison between heat flow ratios of CFD simulations and homogeneous model [26] for
different solid thermal conductivities and temperature levels. Conditions: v=0.5m s; ¢ =0.9. (a) Tw
=500; (b) Tw="700; (c) Tw=900; (d) Tw=1200.

2.2.4. Influence of the Surface Emissivity

So far, the surface (or solid) emissivity has been set to a fixed value of € = 0.9 in all simulations.
This value depends on surface texture, material, wavelengths, absorbed molecules, and other
parameters [43]. In practice, the exact determination of the surface emissivity might be challenging.
For catalytic reactions, the foams are generally coated with active catalytic material (i.e., washcoat).
The washcoats might change and differ in their surface emissivity. On top of that, the surface
emissivity might change during chemical reactions due to soot or coke deposition. Therefore, it is
often only practical to estimate a range of surface emissivities.

Generally, the surface emissivity describes the participation of the solid phase in radiative heat
transport. Hence, with decreasing surface emissivity, the radiative heat flow drops while the solid
temperature rises (Figure 10). A low surface emissivity thus indicates little solid contribution to the
radiation. However, when ¢ larger than 0.5 and at wall temperatures of Tw =900 K and Tw =700 K,
heat flows and solid temperature (mean and maximum) are almost independent of ¢. For the elevated
wall temperature, Tw = 1200 K, changes in heat flows and solid temperatures are more pronounced
and heat flows and temperatures become independent of ¢ only for € almost 1. Concluding, increased
wall temperatures also increase the influence of ¢ on heat flows and temperature fields. In the surface
emissivity range 0 < € < 0.5, the changes in heat flows and temperatures are more severe. Hence,
inaccurately determined emissivity values influence simulation results more significantly for
materials with general lower emissivity.
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Figure 10. Influence of surface emissivity on transferred heat flows and maximum as well as mean

solid temperatures. (a) Transferred heat flow. (b) Solid temperatures. Conditions: v =0.5m s™; As=5
W mTK.
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3. Materials and Methods

3.1. General Model and Meshing

The investigated geometry represents a structured reactor, consisting of a 10 ppi alumina pCT-
based foam embedded in a tube (see Figure 11). In front and behind the embedded foam are a 40 mm
inlet and a 64 mm outlet section, respectively. The overall processing (from scanning to actual CAD
model) of the 10 ppi uCT foam is described in more detail in [28]. Furthermore, the geometrical
properties of the foam can be found in Appendix A (Table Al). The model of this study addresses the
laminar steady-state conjugate heat transfer between air and foam with the explicit consideration of
radiation. The same fixed temperature boundary conditions are prescribed at the wall as well as the
fluid inlet. The solid phase contains a homogeneously distributed heat source which is the only
energy that enters the system. The fixed value of S =50 W was determined in a previous study to be
the representative thermal power that evolves during the CO2 methanation reaction in a foam [6,28],
which was adopted for this study. We note that, the effect of heat source can be easily extrapolated
to other heat source intensities as it was shown in [28] for the range of 5< S <150 W.

fluid/solid interface: wall:

T: conjugate heat transfer s Ty

v: no slip . J V- noslip

z N /
N o
X| y
inlet: 25 mm outlet:
T:Tn=Ty P Po
ViV
10 ppi foam
) 40 mm o 24 mm o 64 mm -

Figure 11. Geometrical model and main boundary conditions investigated in this study. The 10 ppi
foam is similar to the one from [28].

Most of the results of this work were gained using the open source finite-volume-based toolbox
OpenFOAM (version 7, [44]) and the solver chtMultiRegionFoam. For the OpenFOAM multi-region
meshes, the cartesian mesh creator snappyHexMesh was utilized. For the verification against the
commercial CFD software STAR-CCM+ from Siemens PLM (Plano, TX, USA)[45], a polyhedral mesh
was created with the integrated STAR-CCM+ meshing utility. To speed up meshing and simulations,
only a representative part of the foam (J12 x 24 mm, see Appendix B, Figure Al) was used for
comparison and verification.

3.2. Governing Equations and Thermal Radiation Modeling

Aside from the radiation modeling, the major parts of this work’s model are similar to our
previous study [28]. The essential model properties are listed in Table 1. For additional information
regarding the model, the reader is thus referred to [28].
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Table 1. Model properties investigated in this study.

Property Assumption
Fluid dynamic viscosity U Sutherland equation
. . Janaf model (OpenFOAM);

Fluid heat capacity Cp/f polynomial ( STI?AR— COMH)

Eucken approximation
Fluid thermal conductivity Af (OpenFOAM);

polynomial (STAR-CCM+)
Fluid density Ot ideal gas law
Superficial velocity v const. (0.1-0.5m s71)
Pore Reynolds number Re, v-ds-p  const. (1-20)

U

Fluid absorption coefficient K const. (107)
Solid heat capacity Cps const. (1000 J kg K1),
Solid thermal conductivity As const. (1-200 W m™ K1 [46])
Solid density Os const. (3950 kg m™=)
Solid heat source S const. (total: 50 W;

specific: 1.9 x 107 W m)
Solid surface emissivity £ const. (0.1-1)
Wall surface emissivity Ew const. (0.65)

Gravitational acceleration
Radiation

Turbulence

neglected

fvDOM model (OpenFOAM);
DOM model (STAR-CCM+)
neglected

For the Newtonian fluid (air) with neglected gravitation, the conservation equations for mass

reads:

V- (peU) = 0, 4)
with pr denoting the fluid’s density and U denoting the velocity field. The conservation of momentum
can be described by:

V.U QU+ V- WU+ (VUT)-2/3u(V -0 —Vp =0, ®)

where I denotes the enthalpy, which is followed by the conservation of energy :
=V (peUh) = V - (4VTp) = 0, (6)

with A being the fluid’s thermal conductivity. The solid phase, in contrast, is described only by the
conservation of energy:

A (VT) + S =0, (7)

with As being the solid’s thermal conductivity, Ts the solid’s temperature, and S the specific artificial
heat source. The set of equations is completed by the ideal gas law.

At high temperatures the effect of thermal radiation on the overall heat transport might be
severe. In contrast to conduction and convection, radiation does not need media to transport heat
since electromagnetic waves can spread in vacuum. Further, heat transport by radiation does not
only depend on the value of the temperature gradient, but also on the absolute temperature level.
The maximum specific heat flow (W m2), that a real solid body emits, can be expressed by the Stefan—
Boltzman law (Equation (1)) extended by the surface emissivity &:

qg = USTS4' (8)

with ¢ being the Stefan-Boltzmann constant (5.67 x 1078 Wm™2 K™*); the surface emissivity is
generally between 0 and 1 (colored or real body: ¢ = f(T); grey body: ¢ = const.; black body: ¢ = 1).
When radiation hits a material, the energy can be reflected, absorbed or transmitted (depending on
e.g., wavelength or material):
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q=vqtaqgtrq, ©)
with y denoting the degree of reflection, a the degree of absorption and 7 the degree of transmission.
Furthermore, the radiant intensity I is the specific radiant heat flux per unit solid angle (W m=2sr):

I =oceTi-. (10)

Generally, radiation modeling in CFD codes can be distinguished in approaches with and
without fluid participation. OpenFOAM contains the three radiation models viewFactor (no fluid
participation), fvDOM (finite volume discrete ordinate model), and the P1 model. In a preliminary
study we found that an inappropriate model can severely overestimate the contribution of radiation
to the overall heat transport (relative error Erl = 50%; Appendix C). In this study, only fluid
participating approaches are used as they have been successfully applied in literature for high
temperature heat transfer and are also suitable for symmetry boundary conditions [34,35,47]. We also
note that the fluid participation should not play a significant role in this study for the model fluid
(air) as well as the model conditions (i.e., atmospheric pressure, temperatures and geometrical
dimensions) [34,35]. Both models basically solve the radiative transfer equation (RTE) that describes
the change of the radiant intensity at any point along a path through a participating medium (fluid)
depending on scattering, emission and adsorption effects [43]. For further explanation and discussion
the reader is referred to [43] and [48]. The RTE reads [34,48]:

LD = khy () =11 (1,5)= 05l (1,5) + 2 [, hincigen ()P (53, 5)d22, (11)
where r denotes the position vector, s the direction vector, x the fluid’s absorption coefficient and Io
denotes the black body intensity, os the scattering coefficient, [incident the incident intensity, ®@(si,s) the
scattering phase function and Qi the solid angle.

The calculated radiative heat flows are eventually included in the energy conservation source
term. In this study, only the fvDOM (OpenFOAM) and DOM (STAR-CCM-+ for verification) models
are used. The choice of the fvDOM model over the P1 model is justified in Appendix C. The P1
radiation model (or P-1 model) is the simplest approximation of P-N models. It is based on the
expansion of the RTE into an orthogonal series of spherical harmonics [49]. The P1 model is
particularly useful for accounting for the radiative exchange between gas and particles [49]. In
contrast, the fvDOM as well as the DOM model solve the RTE for a finite number of solid angles Q
with an associated vector direction s [43]. The full solid angle of 4w is divided into discrete angular
parts of the sphere. The number of divisions is a trade-off between accuracy and computational cost
as it determines the number of rays and hence the size of the equation system that need to be solved.
For all OpenFOAM simulations we found the azimuthal angle ® = 3 and the polar angle ® =4 to be
sufficient, whereas for all STAR-CCM+ simulations we found the number of ordinates equal 4 (54) as
satisfactory.

Due to the lack of (soot) particles as well as relatively low distances, no scattering model is
needed for this study [34]. For a non-scattering medium, the RTE reads:

dl (r,s)
ds
Moreover, a radiation boundary condition that applies for all solid walls needs to be set up. For

an opaque, grey and diffusely emitting wall with the position vector rw, the initial intensity from all
possible directions si reads [48]:

al (rywan, ) 1-¢)
ds - glb (Tw) + 27

=kl (r) — kI (r,s). (12)

I (ry, s msi | dQy (13)

2m

with n being the unit normal vector. All other main boundary conditions are depicted in Figure 11.

4. Conclusions

In this study, the contribution of thermal radiation modeling of a foam reactor was quantified
with respect to several key parameters in heterogeneous catalysis. Firstly, the choice of a suitable
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radiation model is very important when investigating the heat transport behavior of open-cell foams.
An inappropriate model can severely overestimate the contribution of radiation to the overall heat
transport (relative error Er = 50%). Secondly, an influence of radiation on the simulated heat flows
and temperature increases was found for the following parameters in decreasing order: 1. overall
temperature level (here, wall temperature Tw and inlet temperature Tin), 2. solid thermal conductivity,
3. superficial velocity, and 4. surface emissivity. At four temperature levels corresponding with a
range of industrially-relevant chemical reactions in heterogeneous catalysis (500 K: Fischer-Tropsch
synthesis; 700 K: CO: methanation; 900 K: dry reforming of methane; 1200 K: methane steam
reforming), the influence of radiation modeling was quantified. At most, we found maximum
temperature deviations of up to 400 K and a discrepancy in heat flows of about 12 W (24%).

Even though highly conductive materials (e.g., metals) do not show significant deviations in
temperature increases when radiation is neglected, their heat flow ratio (transferred from solid to
fluid or transport from solid to wall) still might change distinctively. Hence, temperature increases
cannot be the only measure to justify the neglect of radiation. Furthermore, during actual reactions,
ignoring radiation can lead to a wrong interpretation as thermal effects might be attributed to reaction
kinetics. Once again, we want to highlight that temperature deviations for negligence of radiation in
actual chemical reactions might be more significant due to locally varying, temperature-dependent
heat production. Prospectively, the influence of geometry also needs to be further addressed as this
study only focused on an individual foam sample. Such study should target a range of irregular
foams as well as regular structures (e.g., Kelvin cells), in order to more accurately quantify the
influence of radiation in reactor modeling. Equivalently, the current parameter range could be
extended to quantify radiation at higher velocities and coupled turbulence modeling as well as
quantify the effect of different participating fluids (e.g., CO2) with potential scattering. The heat
source approach further underlined its suitability to effectively study thermal effects of catalyst
carriers decoupled from chemistry. A deeper understanding of heat transport processes in foams in
particular and structured reactors in general can lead to more accurate foam reactor models and
consequently to intensified processes. This knowledge might help to facilitate the launch of
structured reactors into industrial application.
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Appendix A: Geometrical Foam Properties

Table Al. Properties of the 10 ppi alumina foam used in this study.

Parameter Symbol Value

pore count 10 ppi

open porosity £0 0.77

specific surface area Sv 521.3 m!

cell diameter de 5.76 + 1.9 mm
window diameter dw 3.3£0.9 mm

strut diameter ds 1.5+ 0.5 mm




Catalysts 2020, 10, 716 16 of 20

Appendix B: Geometry for Verification

A J

12 mm

70 mm
/nerification case

Figure A1. Illustration of foam clip used for the verification study.

Appendix C: Analysis of P1 and fvDOM Radiation Models for Suitability in Open-Cell Foams

TiK -S—PI model
800 60 fvDOM Model
' s
700 ‘@ 50 [ ‘
600 z 40
500 = ¢
T 30
400 £ ¢
S 20
300 @ ¢
B 10 ¢
010 @ e 00

2 107" 10°

cube dimensions L / m

10

Figure A2. Test for suitability of P1 and fvDOM models used for radiation modeling in open-cell
foams. Left: illustration of case (geometry = cube) and temperature boundary condition. Right: relative
error of radiative heat flow between numerical solution and analytical solution plotted against cube
dimensions.

In order to check which fluid participating radiation model in OpenFOAM is suitable for
utilizing in heat transport simulations in open-cell foams, a simple test case was set up (Figure A2).
The test case is a cube with flexible dimensions and fixed temperature boundary conditions of 300 K
at five sides and one side with 800 K. Vacuum is assumed inside the cubes, which makes radiation

the principal heat transport mechanism. The resulting steady-state specific radiative heat flux can
easily be calculated analytically (for a ¢ = 1) as:

¢g=o0(T,*—T,*) =567 x10"* Wm 2 K~* (800* — 300*) K* ~ 22765 Wm? . (14)

We also set up simulation cases that solved for the very same specific heat flux with both, f{vDOM
and P1 model, for various cube dimensions (solver buoyantSimpleFoam). We note that all meshes
(single region) were created with the blockMesh utility of OpenFOAM and tested for grid
independence. The relative error between analytical and numerical solution plotted against the cube
dimensions for both models is also shown in Figure A2. A significant deviation between P1 model
and analytical solution (>20%) can be observed for small cube dimensions, while for increasing cube
dimensions the error shrinks. In contrast, the fvDOM model shows almost no deviation to the
analytical model for all cube dimensions. For the fixed number of solid angles, the error slightly
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increases for dimensions larger than 3 m. This behavior might change when more solid angles and
thus more equations are solved. At the small distances relevant for this study, the error due to the P1
model is almost 50% which is not acceptable for appropriate results. Thus, only the fvDOM model is
used for quantification in this work.

List of Symbols
Latin
cp Isobaric heat capacity, ] Kg' K
de Cell diameter, m
ds Strut diameter, m
dw Window diameter, m
Erel Relative error of heat flow, -
I Intensity, W m=2sr!
L Cube dimensions, m
Q Heat flow, W
Qsk Heat flow solid to fluid, W
Qsw Heat flow solid to wall, W
h Specific enthalpy, |
p Pressure, Pa
r Position vector, -
S Direction vector, -
S Total heat source intensity, W
Sv Specific surface area, m™
T Temperature, K
Tw Wall temperature, K
T'max Maximum temperature, K

Tmean  Mean temperature, K

Velocity, m s
Superficial velocity, m s

A DA e

[95)
g 2

>~T= M

Degree of absorption, -

Degree of reflection, -

Degree of transmission, -

Solid angle, sr

Absorption coefficient, m~!
Scattering coefficient, m™

Open porosity, -

Surface emissivity, -

Dynamic viscosity, Pa s
Thermal conductivity, W m 1 K-
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