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therefore implemented volumetrically distributed heat sources in the solid to mimic the

require a high modeling effort and are computationally expensive. In a previous study we
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heat production during an exothermal reaction, and evaluated the resulting heat ﬂows and
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temperature distributions via CFD. The previous analysis, however, was limited to one spe-
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ciﬁc open-cell foam geometry. In this study, we extend the conjugate heat transfer problem

CFD

including heat production in the solid to ﬁve periodic open-cell foams (Kelvin cell-lattices)

Temperature distribution

with deﬁned but different structural parameters to establish structure-heat transport rela-
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tions. We conﬁrmed conduction being the dominant heat removal mechanism and found
the strut diameter and the solid thermal conductivity being the key parameters to improve
heat transport and reduce hot spots.
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1.

Introduction

Cellular and interconnected open-cell foam structures provide a remarkable potential for process intensiﬁcation in,
among others, solar receivers, pore burners, and catalytic
reactors (Wu and Wang, 2013; Gao et al., 2014; Kiewidt and
Thöming, 2019a). Their potential for intensiﬁcation of exo- and
endothermic catalytic reactions is based on their outstanding
radial heat transport, high radial mixing, and low pressure loss
(Bianchi et al., 2012; Gräf et al., 2014).
The thermal management during catalytic reactions is crucial in reactor design to obtain optimal temperature proﬁles

∗

(Kiewidt and Thöming, 2015) and to avoid hot-spot formation (Gräf et al., 2016). Although the use of open-cell foams
in highly exothermic reactions, such as the CO2 -methanation
in Power-to-Gas (PtG) applications, has been reported several times, they are not yet widely used in commercial
applications (Montenegro Camacho et al., 2018; Kiewidt and
Thöming, 2019b). A main reason is the difﬁcult mounting with
proper wall coupling, especially for large multi-tubular ﬁxedbed reactors (e.g., Haber-Bosch process, methane reforming)
(Reitzmann et al., 2006). For small-scale dynamic reactors,
which are needed in the future for Power-to-X (PtX) processes,
however, open-cell foams provide resilient heat transport over
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Nomenclature
Roman
As
AW
cp,f
cp,s
C
dc
ds
F
FSW
FSF
h
p
S
Sspec
SV
T
Ts
Tf
TW
Tmax
u, U
Vs
V

strut surface area, m2
wall contact area of the solid, m2
ﬂuid isobaric heat capacity, J Kg−1 K−1
solid isobaric heat capacity, J Kg−1 K−1
coefﬁcients for surrogate model
cell diameter, m
strut diameter, m
heat ﬂow, W
heat ﬂow from solid to wall, W
heat ﬂow from solid to ﬂuid, W
speciﬁc enthalpy, kJ
pressure, p
total heat source, W
speciﬁc heat source, W m−3
speciﬁc surface area, m−1
temperature, K
solid temperature, K
ﬂuid temperature, K
wall temperature, K
maximum solid temperature, K
velocity, m s−1
solid volume, m3
superﬁcial velocity, m s−1

Greek
˛
εo

f
s
f
s
ˇ

heat transfer coefﬁcient, W m−2 K−1
open porosity, dynamic viscosity, Pa s
ﬂuid thermal conductivity, W m−1 K−1
solid thermal conductivity, W m−1 K−1
ﬂuid density, Kg m−3
solid density, Kg m−3
parameter of surrogate model, m−1

Dimensionless groups
pore Reynolds number, Rep

a wide range of ﬂow rates due to dominant heat removal
by thermal conduction in the solid phase (Kalz et al., 2017;
Kiewidt and Thöming, 2019b).
Foam structured reactors, however, are only able to outperform conventional pellet ﬁxed-bed reactors if conduction
is the dominant heat removal mechanism (Kiewidt and
Thöming, 2019b). The fractions of heat removal by thermal conduction, convective transport, and thermal radiation
depend largely on the structure (strut diameter, cell and window diameter) of the open-cell foam (Bianchi et al., 2012;
Wallenstein et al., 2014; Fischedick et al., 2017; Xu et al., 2019).
To design small-scale structured reactors with robust heat
transport and parametric stability, fundamental understanding and quantiﬁcation of the relations between the structure
of open-cell foams and the dominant mechanisms of heat
removal is key. Although several studies already related a
high effective two-phase thermal conductivity of open-cell
foams to low porosities (high solid content) and high intrinsic material thermal conductivities (Fourie and Du Plessis,
2004; Edouard, 2011; Bianchi et al., 2012; Kumar and Topin,
2014; Wallenstein et al., 2014; Ranut, 2016; Fischedick et al.,
2017), the contributions of different mechanisms to actual

heat removal in open-cell foams with internal heat production
have not been quantiﬁed yet.
In the past, full-ﬁeld three-dimensional CFD simulations
of open-cell foams proved to be valuable to get insight into
different heat transport mechanisms in open-cell foams as
they allow the computation of undisturbed (e.g. from experimental probes) temperature ﬁelds and heat ﬂows of solid
and ﬂuid phases. CFD was successfully applied to study the
inﬂuence of geometry, material, velocity, and wall coupling
(Zafari et al., 2015; Torre et al., 2015; Bianchi et al., 2015; Razza
et al., 2016). Despite their advantages, CFD simulations of
full-ﬁeld catalytic surface reactions in open-cell foams are
challenging due to the high computational cost and modeling effort (Torre et al., 2016; Wehinger et al., 2016; Dong
et al., 2018). Furthermore, CFD simulations usually provide
results for only one speciﬁc foam structure and thus require
the creation and meshing of several geometries to establish
structure-transport relations. The geometries can be obtained
through tomography (image-based Ranut et al., 2015; Sadeghi
et al., 2020), through idealization (e.g., Kelvin cells and periodic open-cell foams (POCS), Torre et al., 2016; Iasiello et al.,
2017; Lucci et al., 2017) or computer algorithms (i.e., Voronoitessellations, Bracconi et al., 2018; Wehinger et al., 2016).
Generally, image-based CFD models preserve the original
open-cell foam geometry accurately but are time consuming
if several foam geometries need to be compared. Furthermore,
geometrical properties of these reticulated foams are distributed and thus more difﬁcult to characterize in comparison
to regular structures. Hence, methods for the creation of artiﬁcial, regular open-cell foam geometries were mostly used to
investigate structure-transport relations (Bracconi et al., 2018;
Bianchi et al., 2016). These studies investigated the effect of the
strut-to-node ratio on the effective thermal conductivity and
found that the solid distribution along the strut and between
strut and nodes is key for the overall foam’s conduction properties. In another recent study, Bracconi et al. varied the solid
content (i.e., the porosity) radially and axially along the foam
lattice and found an increased effective solid thermal conductivity if more solid material (i.e., thicker struts) is aligned
radially (Bracconi et al., 2020). Nevertheless, the inﬂuence of
the strut and cell design of foams on temperature distributions and heat ﬂows under coupled conductive and convective
heat transport as well as heat production within the solid (for
example through chemical reactions) has not been analyzed
yet. These close-to-realistic conditions with gas ﬂow and heat
production within the solid (instead of heating through the
wall or the ﬂuid inlet) contribute to the better understanding and quantiﬁcation of heat removal mechanisms, and thus
enable the improved design of structured chemical reactors.
In a previous study, we analyzed conjugate heat transfer simulations including heat production within the solid to
mimic an exothermic chemical reaction (Sinn et al., 2019). The
procedure allows to investigate the effect of heat production
on solid and ﬂuid temperature ﬁelds as well as on heat ﬂows
while saving the modeling and solution effort of species transport and chemical surface reactions. In the previous study, we
found inhomogeneous temperature ﬁelds in a solid ceramic
foam due to the heat production in the solid. We concluded
that solid temperature distributions in foams during exothermal reactions cannot generally be assumed as homogeneous
for relevant process conditions in heterogeneous catalysis
(heat sources from 5 to 150 W, e.g., for CO2 methanation reaction, solid thermal conductivities from 5 to 50 W m−1 K−1 , i.e.,
ceramic foams, and superﬁcial velocities from 0 to 0.5 m s−1 ).
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Fig. 1 – Geometries of the ﬁve periodic open-cell foams (Kelvin lattices) investigated in this study.
We also showed that homogeneous models cannot resolve the
temperature inhomogeneities sufﬁciently so that detailed 3D
simulations are necessary (Sinn et al., 2019; 2020). Further,
we showed that the ratio between convective and conductive
heat ﬂows from the solid shifts from conduction-dominated
to convection-dominated with increasing superﬁcial velocities and decreasing solid thermal conductivities. The study
thus demonstrated the potential of the approach to mimic
exothermic chemical reactions by a distributed heat source
in the solid domain. The present study expands the heat
source approach to other open-cell foam geometries and conducts a structure-heat transport analysis for geometries, solid
thermal conductivities, and ﬂuid velocities relevant in heterogeneous catalysis.
Here, we investigate ﬁve different periodic open-cell foam
geometries (POCS, Kelvin cell lattices) via CFD and correlate
heat ﬂows and temperature increases for heat production
within the solid with the geometrical descriptors strut and
cell diameter via a semi-empirical model. The novel contribution of this work is thus the quantiﬁcation and modelling of
the contributions of conductive and convective heat removal
from open-cell foam structures with heat production in the
solid, as it occurs in open-cell foams in structured catalytic
ﬁxed-bed reactors.

2.

Methods

2.1.
model

Creation of foam geometries and setup of CFD

To establish structure-transport relations of the periodic opencell foams, we adopted the same CFD model as described in

our previous work (Sinn et al., 2019). The model describes
a laminar steady-state conjugate heat transfer problem
between ﬂowing air and an open-cell foam (see Appendix
A and Sinn et al., 2019). The model was established in
the OpenFOAM® simulation framework (Version 5.0, Weller
et al., 1998). The solid foam contained a uniformly distributed volumetric heat source that mimics the heat of
reaction (called S). The model was veriﬁed against other CFD
data from literature as well as against heat transfer and
pressure drop correlations in a previous study (Sinn et al.,
2019).
For this study, we chose ﬁve different Kelvin cell lattices (see Fig. 1). Due to their well-deﬁned morphology, the
Kelvin cell properties could be easily varied and examined
according to their impact on ﬂuid ﬂow and thermal phenomena (Torre et al., 2014). Although, Kelvin cell lattices (or
POCS) underperformed reticulated foams in terms of heat
and mass transfer due to lower radial mixing (Horneber
et al., 2012), recent studies showed the potential of idealized
structures for process intensiﬁcation (Bracconi et al., 2018).
Especially the rise of additive manufacturing techniques facilitates using POCS to tailor catalyst supports (Zhou and Liu,
2017).
Kelvin cells are characterized by the four foam properties: cell diameter dc , strut diameter ds , open porosity εo and
speciﬁc surface area Sv . Due to explicit dependencies, two
of them are sufﬁcient to deﬁne the overall structure (Inayat
et al., 2011). The lattices were created using the CAD tool
Autodesk Fusion 360, using the cell diameter dc and the strut
diameter ds as input parameters. The open porosity εo and
the speciﬁc surface area Sv were extracted from the ﬁnal lattice geometries using the CAD software. The selected Kelvin

212

Chemical Engineering Research and Design 1 6 6 ( 2 0 2 1 ) 209–219

3.

Results and discussion

3.1.
Inﬂuence of heat sources on heat ﬂows and
temperature distributions
The only thermal energy entering the system is caused by the
volumetric heat source within the solid, the energy balance at
steady state thus reads (Sinn et al., 2019):
S = FSW + FSF → 1 =

Fig. 2 – Illustration of the applied boundary conditions.
cell lattices have geometric properties that are relevant in
heterogeneous catalysis and therefore are suitable for the
investigation of heat production in different foam geometries. Additionally, the periodic Kelvin cell lattice allowed
for accelerated computation by only simulating a quarter of
the geometry. Grid independence studies were conducted to
ensure mesh-independent results (see Appendix B).

2.2.

Boundary conditions

This study extends the parameter range of the previous study
(Sinn et al., 2019) by varying the geometry. Hence, the same
process and boundary conditions as in our previous study were
applied (Sinn et al., 2019). The only difference is caused by the
choice of the quarter pipe system, which has two symmetry
boundary conditions to account for the whole geometry (see
Fig. 2). The initial temperature of the air ﬂow was identical
to the ﬁxed wall temperature (500 K). Heat energy could thus
only enter the system through the applied heat sources.

2.3.

Selection of structure descriptors

The geometric foam properties (cell diameter dc , strut diameter ds , open porosity εo and speciﬁc surface area Sv ) might not
all be necessary to properly conduct a structure heat transport analysis. Therefore, the scatter plots shown in Fig. 3
indicate trends between the geometrical properties of the
structures. Note that speciﬁc surface area and open porosity were determined from the created geometry and not from
model equations. The trendlines and correlation coefﬁcients
were computed using conventional univariate linear regression. The speciﬁc surface area correlates negatively with the
cell diameters (R2 = 0.628, panel d), while the strut diameter correlates negatively with the open porosity (R2 = 0.637,
panel a). In contrast, neither cell diameter and open porosity
(R2 = 0.002, panel b) nor strut diameter and speciﬁc surface
area (R2 = 0.001, panel c) indicate any correlation for the
investigated structures. The results thus suggest to choose
the strut and cell diameter as principal geometric descriptors for the structure-transport analysis. Note that the data
in Fig. 3 is not intended to derive general quantitative correlations of the structural parameters but highlights principal
qualitative trends in the dependencies between the structural
parameters, which are in line with existing semi-empirical
correlations for the open porosity εo and the speciﬁc surface
area Sv (Inayat et al., 2011; Lucci et al., 2014). For reticulated
foams one would probably use the speciﬁc surface area and
the open porosity as descriptors as these two parameters are
easily determined experimentally.

FSF
FSW
+
S
S

(1)

where S denotes heat source intensity, FSW denotes the heat
ﬂow from solid to the wall (conducted heat ﬂow) and FSF
denotes the heat ﬂow from solid to the ﬂuid phase (convective heat ﬂow). The inﬂuence of the heat source intensity
on the speciﬁc heat ﬂow from the solid foam to the wall for
Foam A is plotted against the superﬁcial velocity v in Fig. 4a. A
value lower than 0.5 (see dashed read line in Fig. 4a) indicates
that convection is the dominant heat transport mechanism
whereas a value above 0.5 indicates thermal conduction being
dominant. By normalizing the conducted heat ﬂow FSW with
the applied heat source intensity S, the data for the three
investigated heat sources (5 W, 50 W and 150 W) collapsed
for alumina (15 W m−1 K−1 ) at every superﬁcial velocity. The
same behavior was observed for the 10 ppi foam in (Sinn
et al., 2019) as well as for the structures B–E (not plotted here).
The normalization indicates that the fraction of heat removed
through thermal conduction or convection is independent
of the intensity of the heat source. Furthermore, the general trend of a decreasing conductive heat transport (hence,
increasing convective heat transport) for increasing superﬁcial
velocities was seen for all ﬁve geometries. Generally, the material with the highest thermal conductivity (sSiC, 50 W m−1 K−1 )
showed the highest ratio of conducted heat ﬂow to heat source
intensity.
Next to the inﬂuence of heat sources on the heat ﬂows, the
inﬂuence on the temperature distribution in a foam has also
been addressed. The approach revealed signiﬁcant temperature inhomogeneities within the solid domain. Fig. 5 shows
temperature ﬁelds for the investigated geometries with an
applied 50 W heat source for a superﬁcial velocity of 0.104 m
s−1 . Here again, all foams and setups exhibited strong radial
differences in the temperature ﬁeld, which indicates that solid
temperature ﬁelds in catalyst carriers based on ceramic foams
can generally not be assumed as homogeneous. The position
of the simulated hot-spots was in the rear part of the foam
even though the axial temperature differences were comparably small. The axial temperature difference occured due
to the cooling effect of the ﬂuid when the ﬂow entered the
porous structure, while it is heated up already when reaching
the rear part of the foam. Moreover, it became obvious that
the temperature deviations from 500 K depend signiﬁcantly
on the structure (see Fig. 5). A severe maximum temperature increase was clearly seen for foams A–E. Moreover, for
the given boundary conditions we observed a decreasing solid
maximum temperature with increasing velocity (see Fig. 4b).
This behavior was more pronounced for mullite than for alumina and sSiC. For the latter two materials, the decrease was
only slight.
Similar to the speciﬁc heat ﬂows, when the maximum
temperature increase was normalized by the heat source
intensities, Tmax S−1 , and plotted against superﬁcial velocity,
the points collapsed for identical solid thermal conductiv-
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Fig. 3 – Analysis of the created foam geometries. Trends between strut diameter ds and open porosity εo (a) as well as
between cell diameter dc and speciﬁc surface area SV (d) can be observed. The shaded areas indicate 95% conﬁdence
intervals of the estimated slope. The strut diameter and cell diameters are thus used as structure descriptors. Note that both
SV and εo are determined from the created geometry and not from model equations.

Fig. 4 – Thermal effects of heat sources on Foam A for different materials (i.e., thermal conductivities). a) Speciﬁc conductive
heat ﬂow FSW S−1 plotted against the velocity v for different materials and heat sources; the transition line indicates the
crossing from dominant convection (FSW S−1 < 0.5) to dominant conduction (FSW S-1 > 0.5). b) Speciﬁc temperature increase
Tmax S-1 (from initial 500 K) against the superﬁcial velocity v.
ity (Fig. 4b). That means, that regardless of the heat source
intensity between 5 W and 150 W, the maximum temperature increase can be estimated. Furthermore, the trends of
maximum and mean temperature increases behave similarly
and indicate that the entire temperature distribution shifts
consistently (see Fig. 5). This behavior was also reported in
the previous study (Sinn et al., 2019). When comparing the
materials, all relations between temperature increase and
superﬁcial velocity show linear behavior regardless of the
structure or material. For the CT foam sample from the previous publication, mullite had an asymptotic trend, indicating
heat transport limitations of the material and corresponding
setup.

3.2.
Inﬂuence of structure parameters on heat ﬂows
and temperature distributions
So far, the results for the 10 ppi foam found in Sinn et al.
(2019) were also observed for the different periodic open-cell
foams in this study. Severe differences in the temperature
ﬁelds caused by the different geometries became apparent
(see Fig. 5). To understand the relation between the foams’
structure and their heat transport properties, we analyzed
results from 100 simulations with unique combinations of
strut and cell diameter, solid thermal conductivity, and ﬂuid
velocity. The speciﬁc conductive heat ﬂows and maximum
temperature increases, both normalized by the heat source
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Fig. 5 – Temperature ﬁelds in the center plane for a 50 W heat source, a thermal conductivity of 15 W m−1 K−1 (i.e., alumina)
and superﬁcial velocity of 0.102 m s−1 for Foams A–E. Note that for clarity the temperature scale is limited to 590 K.

Fig. 6 – Relations between strut and cell diameter and speciﬁc heat ﬂows (a and b) as well as speciﬁc maximal temperature
increase (c and d). In total, results from 100 simulations of unique combinations of the strut and cell diameter, solid thermal
conductivity, and ﬂuid velocity were included. Different symbols and colors encode different solid thermal conductivities;
different color shades indicate different ﬂuid velocities. The trendlines and coefﬁcients of determination (R2 ) were
determined using linear regression for the sets of different solid thermal conductivities.
intensity, were plotted against the strut and cell diameter (the
chosen geometrical descriptors) in Fig. 6.
The speciﬁc conductive heat ﬂows for almost all investigated cell and strut diameters were above 0.5 indicating
dominant conduction (panels a and b). Only the smallest strut
diameter (0.162 mm, Foam D) alongside with the lowest solid
thermal conductivity (5 W m−1 K−1 ) showed speciﬁc heat
ﬂows below 0.5 and thus dominant heat removal through convection (see Fig. 6a). The reason certainly is the small strut
diameter which hinders conductive heat transport through
the solid struts. This is in accordance with the ﬁndings of
Zafari et al. (2015) and Bracconi et al. (2018).

Fig. 6a also clearly shows that an increasing strut diameter
shifts the conduction/convection ratio signiﬁcantly to conduction. The structure with the highest conduction ratio is
thus the one with the largest strut diameter (ds = 0.591 mm).
The strong inﬂuence of the strut diameter is also reﬂected
in the coefﬁcients of determination (R2 ) of the ﬁtted linear
trendlines. The coefﬁcients of determination decrease from
0.836 over 0.696 to 0.619 with decreasing solid thermal conductivity indicating a signiﬁcant relation between the strut
diameter and the speciﬁc conductive heat ﬂows. The strength
of the correlation between the strut diameter and the speciﬁc conductive heat ﬂow decreases for lower solid thermal
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conductivities due the increasing inﬂuence of conductive heat
removal. In contrast, the highest coefﬁcient of determination
between the cell diameter and the speciﬁc heat ﬂow is 0.125
(Fig. 6b). The cell diameter does thus not inﬂuence the speciﬁc
heat ﬂow.
Inversely to the speciﬁc heat ﬂow, the speciﬁc temperature
increase (from the initial 500 K) decreased with increasing strut diameter and thermal conductivity (Fig. 6c). Again,
the strut diameter signiﬁcantly determines the observed
temperature rise as indicated by the coefﬁcients of determination around 0.6 for all solid thermal conductivities. In
contrast, to the heat ﬂows, the coefﬁcients of determination
did not change with the solid thermal conductivity. Again,
the obtained coefﬁcients of determination between the cell
diameter and the speciﬁc temperature increase were below
0.1 (Fig. 6d), conﬁrming the observation that the cell diameter does not determine the heat transport in the investigated
parameter space.

3.3.
Quantitative analysis of structure-transport
relations

Table 1 – Summary of the setup and results of the
non-linear least-squares minimization.

The previous exploratory analysis showed that the strut diameter ds , the solid thermal conductivity s , and the ﬂuid velocity
v are the principal structure and process parameters that
determine heat ﬂows in POCS with heat generation. To quantify the described structure-transport relations, we developed
a simple yet physically sound surrogate model that describes
the heat ﬂows in the investigated system (see Fig. 7). The
model consists of a cylindrical strut representing the periodic open-cellular structure. The strut reaches from the center
of the tube at y = 0 to the wall at y = CL . CL is a characteristic length that describes the pathway for thermal conduction
within the strut. Along the strut, energy is transferred to the
surrounding ﬂuid by convection. As in the CFD model, energy
is produced within the strut. At the center of the strut (y = 0), a
symmetry boundary condition is applied. At the wall (y = CL ),
a ﬁxed temperature equal to the incoming ﬂuid temperature
is assumed as for the CFD model. The steady state energy
balance and boundary conditions for the strut thus read

s

As
d2 Ts
=
˛ (Ts − Tf )
VS
dy2
−



S
dTs 
subject to
 = 0 and Ts (y = CL ) = Tf
VS
dy y=0

(2)

The differential Eq. (2) is solved analytically using Matlab’s
Symbolic Math Toolbox (The MathWorks, 2019). Afterwards,
the conductive heat ﬂow is calculated from the temperature
gradient at the wall (y = CL ). The resulting expression for the
normalized conductive heat ﬂow is
FSW
=
S

C

 A tanh
CS ˇ





CS CL ˇ . with ˇ =

 ˛
ds s

(3)

As previously explained, the parameter CL describes the
pathway of heat conduction within the solid. The parameter
Cs describes the shape of the strut so that
As
Cs
=
Vs
ds

Fig. 7 – Illustration of the surrogate structure-transport
model.

(4)

Quantity

Initial value

Final value

CA (in m−1 )
CL (in mm)
Cs
correlation coeff. (CA , CL )
number of data points
number of parameters
reduced SSE

657.8
21.85
4 (ﬁxed)

486.1 ± 8.7 (1.80%)
1.91 ± 0.04 (2.19%)
4 (ﬁxed)
−0.98
100
2
7.415 10−4

For the cylindrical struts in this study, Cs was set to 4. The
parameter
CA =

Aw
Vs

(5)

describes the ratio of the wall contact area of the solid AW and
the solid volume Vs .
The heat transfer coefﬁcient ˛ depends on the strut diameter ds and the ﬂuid velocity v. For the present study, the heat
transfer coefﬁcient was estimated from Gnielinski’s expression for laminar ﬂow over a single cylinder (Martin and
Gnielinski, 2000).
The inﬂuence of the principal parameters (strut diameter,
solid thermal conductivity, and ﬂuid velocity) is thus captured
in the single parameter ˇ in Eq. (3). The remaining unknown
parameters are CA and CL . Both parameters were determined
from the CFD data using non-linear least-squares minimization. To avoid local minima, 1000 random combinations from
the parameter space CA ∈ 0 m−1 , 1000 m−1 and CL ∈ 0 m, 1 m)
were sampled, and the combination with the lowest sum of
square errors (SSE) was selected.
Table 1 shows the setup and summary of the non-linear
least-squares minimization. For both parameters, CA and CL ,
the standard deviation of the estimated values is below 5%,
however, both parameters are strongly negatively correlated.
The strong correlation is reasonable from a physical perspective as both parameters describe geometric features of the
solid structure, and thus depend on the geometric structure
parameters. Nevertheless, the developed structure-transport
model describes the CFD data with an overall accuracy of ±10%
(see Fig. 8). The deviations increase for small strut diameters and high ﬂuid velocities, for which complex ﬂow patterns
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Fig. 8 – Comparison of model predictions with the CFD data (a), and parity plot of speciﬁc heat ﬂow calculated with the
structure-transport model and the CFD model (b). The structure-transport model predicts the CFD data within ±10%
accuracy. The solid lines in (a) were calculated with the mean of the investigated velocity (0.31 m s−1 ); the shaded areas
represent the velocity range in the structure-transport model.2
increase the inﬂuence of the convective heat transfer. The
complexity of the ﬂow patterns is not fully captured in the
surrogate structure-transport model.
Overall, the developed structure-transport model provides
a valuable tool to quickly estimate the contributions of different heat transport mechanisms in POCS with heat generation
in the solid, and will thus facilitate the design of tailored structured catalyst carriers in the future. Furthermore, the physical
basis of the structure-transport model allows its extension to
other structures such as irregular open-cell foams.

4.

Conclusion

The conducted structure-heat transport analysis shows that
the strut diameter and the thermal conductivity are the dominant structural parameters to control heat removal in periodic
open-cell foams for typical materials and conditions found in
gas-phase heterogeneous catalysis. The cell diameter, in contrast, does not inﬂuence heat removal. The ﬂuid velocity plays
a signiﬁcant role only for materials with a low solid thermal
conductivity. The high inﬂuence of the strut diameter and the
thermal conductivity underpins the impact of thermal conduction in the solid domain. Due to the close resemblance of
the Kelvin unit cell with the cells found in regular open-cell
foams, the results obtained in this study for periodic open-cell
foams (Kelvin lattices) are likely to translate well to regular
open-cell foams. The found structure-heat transport relations
thus underline the potential of open-cell foams (periodic and
regular) to decouple effective heat removal from the ﬂuid
velocity in the design of catalyst carriers. In contrast to packed
beds with point contacts between the individual catalyst particles, the decoupling trough structured catalyst carriers allows
to use low ﬂow rates in ﬁxed-bed reactors, which leads to lower
pressure drops and shorter reactors, while heat removal is
guaranteed through the structure. In this case, sufﬁcient mass
transfer from the gas to the solid phase is the only constraint

on the ﬂuid velocity, which is typically less severe than for heat
transfer.

Declaration of Competing Interest
The authors report no declarations of interest.

Acknowledgments
Christoph Sinn and Jorg Thöming appreciate the funding
by the German Research Foundation (DFG) through the
priority program SPP 2080 (Katalysatoren und Reaktoren
unter dynamischen Betriebsbedingungen für die Energiespeicherung und -wandlung) under grant TH 893/23-1.

Appendix A. Governing equations and model
assumptions (similar to (Sinn et al., 2019))
For the Newtonian ﬂuid (air) with neglected gravitation, the
conservation equations for mass, momentum, and energy as
well as the ideal gas law read
∇ · (f U) = 0, (6)

∇ · (f U ⊗ U) + ∇ · ((∇ ⊗ U + (∇ ⊗ U)T )–2/3(∇ · U)I)-∇p= 0, (7)

-∇ · (f Uh)-∇ · (f ∇T f ) = 0, (8)
with f denoting ﬂuid’s density, U denoting the velocity
ﬁeld, h denoting the enthalpy and f the ﬂuid’s thermal conductivity. In contrast, the solid phase is described by only the
conservation of energy
s (∇ 2 T s )+Sspec = 0, (9)

2

The dataset from this plot is openly available under Sinn, C.
(Christoph); Wentrup, J. (Jonas); Kiewidt, L.W. (Lars) (2020):
Structure-heat transport data of periodic open-cell foams.
4TU.ResearchData. Dataset.
https://doi.org/10.4121/uuid:58531fa2-067b-4a81-a577-75594df
891c3.

with s being the solid’s thermal conductivity, Ts the solid’s
temperature and Sspec the speciﬁc artiﬁcial heat source. The
simulations were carried out using the OpenFOAM solver chtMultiRegionSimpleFoam.
Table A1.
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Fig. A1 – Grid independence studies for Foams A–E (s = 15 W m−1 K−1 , v = 0.51 m s−1 ). In all cases, the medium sized mesh
has been selected.
Table A1 – Model properties investigated in this study.
Property

Fig. A1

Assumption

Fluid dynamic viscosity
Fluid heat capacity
Fluid thermal
conductivity
Fluid density

f
cp ,f
f

Sutherland equation
const. (1030 J kg−1 K−1 )
Eucken approximation

f

Superﬁcial velocity

v

ideal gas law (500 K: 0.7
Kg m−3)
const. (0.1–0.5 m s−1)

Pore Reynolds number

Rep =

Solid heat capacity
Solid thermal
conductivity

cp,s
s

Solid density
Gravitational
acceleration
Radiation
Turbulence

s

f vds
f

const. (0.5–8)
const. (1000 J kg−1 K−1 ).
const. (5, 15 and 50 W
m−1 K−1 ) (alumina,
mullite, sSiC)
const. (4000 kg m−3 )
neglected
neglected
neglected

Appendix B. Grid independence studies
All meshes were created using the meshing utility snappyHexMesh. For further information regarding the meshing
procedure the reader is referred to (Sinn et al., 2019).
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