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A simplified macroscopic CFD approach is presented to model mass transport including chemical reactions in
washcoated open-cell foams. The foam is treated as a porous medium. Species conversion during chemical re-
actions is modeled using appropriate source terms based on reaction rate expressions and modified to account for
the mass transport resistances occurring at the fluid-washcoat interfaces and within the washcoat layers. As
example, the catalytic CO oxidation over platinum is studied. The simulation results show good agreement with

experimental data from literature. A parametric study on washcoat parameters, such as thickness, tortuosity,
porosity, and size, is carried out. Increasing the washcoat thickness from 5 to 100 pm or decreasing the tortuosity
to porosity ratio from 5 to 20 decreases the CO conversion by 10 %. The proposed model is found to be reliable
and has the advantage of lower computational cost, making it a suitable tool for foam-based catalytic reactor

design.

1. Introduction

Open-cell foams are multifunctional materials, used in many engi-
neering applications (Wan et al., 2021; Ozmat et al., 2004; Bird et al.,
2018; Napolitano et al., 2017). Among them, a great deal of interest can
be found in the use of ceramic and metal foams as catalyst supports for
heterogeneous catalytic reactions (Makhania and Upadhyayula, 2022;
Ho et al., 2019; Twigg and Richardson, 2007). Since foams possess su-
perior properties of high porosity (75-95 %) and high specific surface
area, they provide efficient mass transfer combined with a lower pres-
sure drop in comparison to conventional packed beds (Patcas et al.,
2007; Papetti et al., 2018). In recent times, pelletized catalysts have also
been made from alloyed metallic foams, and identified as promising in
tubular reactors (Walther et al., 2008; Kim and Lee, 2014; George et al.,
2023).

A common method for chemically activating the foam substrate is by
washcoating, in which the catalytic active sites are dispersed within the
washcoat layer (Makhania and Upadhyayula, 2022). The reactants
diffuse into the porous washcoat and react on active catalyst sites, along
with the release or intake of heat, i.e., exothermic or endothermic re-
actions. The tortuous flow path induced by the foam geometry and the
accompanied convection-diffusion-reaction mechanisms for mass
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transfer are rather complex to analyze. The transport characteristics of
open-cell foams have been experimentally investigated by many authors
and suitable correlations have been reported extensively for pressure
drop (Kumar and Topin, 2017; Lacroix et al., 2007; Inayat, 2013; Inayat
et al., 2016; Edouard et al., 2008) and heat transfer (Giani et al., 2005;
Manetti et al., 2022; Lu et al., 1998; Wang et al., 2020; Zhao, 2012),
while mass transfer studies are rather limited (Giani et al., 2005; Groppi
et al., 2007; Incera Garrido et al., 2008; Incera Garrido and Kraushaar-
Czarnetzki, 2010; Bracconi et al., 2018).

Mass transport in open-cell foams has also been investigated
numerically, via Computational Fluid Dynamics (CFD), with different
levels of detail on foam geometry and chemical reaction modeling. Dong
et al. (Dong et al., 2018) have conducted strut-resolved CFD simulations
for the oxidation of carbon monoxide in a Pt-coated foam monolith, and
validated with their own experimental data. They used X-ray micro-
tomography to create a realistic foam geometry, and the catalytic
chemistry was modeled by a microkinetic reaction model. Although the
microkinetic model is the most detailed approach that considers
elementary reaction steps on the catalytic surface, the coupling of
microkinetics to the CFD framework is very challenging and computa-
tionally expensive, mainly due to the stiffness and non-linearity of the
corresponding equations to be solved (Maestri and Cuoci, 2013; Daymo
et al., 2022). Della Torre et al. (Della Torre et al., 2016) have
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Nomenclature

Latin symbols:

a pore size (m)

ay interfacial area per unit volume (m™YH

Cs fluid-washcoat Interfacial concentration (mol m~>)

Ctm cup-mixing concentration (bulk fluid phase) (mol m~3)
Cwe volume averaged concentration inside washcoat (mol m™3)
D effective diffusion coefficient of component i (m?s™H
Dinua, i Knudsen diffusion coefficient of component i (m?s™)
ds strut diameter (m)

Kme external mass transport coefficient (m sH

Kmi internal mass transport coefficient (m )

kmo overall mass transport coefficient (m sH

kr.i intrinsic reaction rate constant of component i s
Kapp,i apparent rate constant s

Ip diffusion length or shape factor (m)

lfoam characteristic length scale of foam structure

Lwe characteristic length scale of washcoat

NR number of reactions

P order of the reaction

Tj reaction rate (mol g.cat’1 s

Vs superficial velocity of fluid (m s-1)
Greek symbols:

ajj Stoichiometry coefficient of species i in reaction j
€foam foam porosity

r Thiele modulus

Aeff effective foam thermal conductivity
Afoam.b bulk foam thermal conductivity

Af fluid thermal conductivity

Dimensionless numbers:
Refoam = P¢Vslioam/ps  foam Reynolds number

Sh, = k“‘ﬁ% external Sherwood number
Sh; = kﬂbﬂ internal Sherwood number
e

Shi, « asymptotic internal Sherwood number

implemented a CFD model based on a coupled finite-volume and finite-
area method to describe mass transfer phenomena occurring in the fluid
phase and over the surface of catalytic open-cell foams. The foam ge-
ometry was approximated by arranging a series of regular Kelvin cells in
a row, and the catalytic combustion of CO was considered by a kinetic
model of Langmuir-Hinshelwood type. Wehinger et al. (Wehinger et al.,
2016) have presented an automated workflow for a detailed CFD
simulation of open-cell foams. The foam structure was generated by a
foam modeler based on Voronoi tessellations. They also illustrated the
partial oxidation of methane in a foam monolith coated with rhodium
catalyst by applying a microkinetic reaction mechanism, but without
considering diffusion processes in the washcoat. Even though different
CFD approaches for modeling mass transport phenomena in open-cell
foams have been presented, a method suitable for a randomly packed
bed composed of hundreds or thousands of foam pellets is lacking. In this
context, a much simpler approach compromising the computational cost
is necessary to deal with the great number of foam pellets. In addition, a
reliable approach should consider mass transport limitations, particu-
larly the washcoat diffusion resistance (von Rickenbach et al., 2015;
Makhania and Upadhyayula, 2022; Aguirre et al., 2020), which is,
however, ignored in most of the studies.

In this work, a macroscopic CFD approach is used to model the mass
transport in a catalytic washcoated open-cell foam. This paper extends
our previous work (George et al., 2021; George et al., 2022); where we
have presented methods to model the flow and the energy transport
inside foam pellets, for use in fixed-bed reactors. In this contribution, the
catalytic foam is modeled macroscopically as a porous medium, in
which the production and consumption of species during catalytic re-
actions are considered by appropriate source or sink terms, supported by
relevant kinetic models of Langmuir-Hinshelwood type. To account for
mass transport limitations, the concept of external and internal mass
transport coefficients, proposed by Joshi et al. (Joshi et al., 2009), is
adopted. For illustration, the oxidation of carbon monoxide on a plat-
inum supported foam monolith is simulated using the macroscopic CFD
approach. The results are validated with experimental data available in
literature (Dong et al., 2018). Furthermore, a parametric study is con-
ducted to quantify the influence of different washcoat parameters, such
as thickness, tortuosity, porosity, and pore diameter, on the reactor
performance.

2. Material and methods
2.1. Modeling mass transport

A macroscopic approach to model the flow and energy transport
inside open-cell foam pellets was presented in prior work (George et al.,
2021; George et al., 2022). The proposed framework was based on the
porous-media approach, where the inner foam structures such as struts,
knots, and pores were not resolved, but rather dependent on the
appropriate sub-models to account for pressure loss and thermal trans-
port within foam pellets. Adhering to this porous-media approach, a
simplified method for simulating mass transport including chemical
reactions in a washcoated foams is discussed in the following sections.

2.1.1. External and internal mass transport limitations

Since the open-cell foams are highly porous, the reactants have direct
access by convection and diffusion to the washcoated struts on which the
catalyst is deposited (see Fig. 1 (A-B)). When reactants diffuse into the
porous washcoat, they undergo reactions, and the products formed
diffuse back to the fluid phase. The actual processing conditions, how-
ever, impose different limitations on such transport phenomena (Fogler,
2020). By the classical approach, the resistances to mass transfer can be
evaluated with the concept of transport coefficients, which are generally
defined upon the assumption that the entire resistance resides in a hy-
pothetical stagnant film within which the concentration variation occurs
(Incropera et al., 2007). Following this method, Joshi et al. (Joshi et al.,
2009; Joshi et al., 2009) have presented a two-film resistance model for
catalytic monoliths, which accounts for transport resistances in the gas
phase and solid phase (washcoat layer). Considering the similarity in
underlying mechanisms, mainly at the fluid-washcoat interface, the
same method for structured monoliths is applicable to catalytic foams,
as adapted in ref. (Moncada Quintero et al., 2021).

Fig. 1 (C) illustrates the mass transport resistances in a catalytic
foam. The resistance for mass transfer in the gas phase resides in a thin
film along the fluid-washcoat interface, where the concentration drops
from the cup-mixing concentration Cg, to fluid-washcoat interfacial
concentration Cs. In this region, external mass transfer occurs, and the
corresponding external transport coefficient is kye. Similarly, the resis-
tance to internal diffusion in the washcoat region is described by a
narrow fictitious washcoat zone, where the interfacial concentration Cg
drops to concentration Cy, inside the washcoat. Cy, is a volume aver-
aged concentration and assumed to be constant in the bulk of the
washcoat. This internal mass transport can be represented by the
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Fig. 1. (A) Flow streamlines through a foam structure; Illustration of (B) washcoated foam strut, and (C) mass transport resistances.

internal mass transport coefficient kp;.

As there is no accumulation of mass at the fluid-washcoat interface,
the external and internal transport coefficients can be related to mass
transfer rate n as (Joshi et al., 2009):

n= kme (Cfm *Cs) = kmi(Cs *ch)(]-)

When there are several resistances to mass transfer, the total mass
flux is always proportional to the overall resistance. Accordingly, an
overall mass transfer coefficient for the catalytic foam can be defined as
(Joshi et al., 2009):

e =e+te®

Several studies have been conducted on the external mass transfer
coefficient of open-cell foams. Correlations for estimating kne based on
foam structural parameters have been presented in refs. (Giani et al.,
2005; Groppi et al., 2007; Incera Garrido et al., 2008; Incera Garrido and
Kraushaar-Czarnetzki, 2010; Bracconi et al., 2018). In this work, the
correlation proposed by Incera Garrido et al. (Incera Garrido et al.,
2008); Egs. (3-4), are used to determine k..

She = 1.0 @ Refoam ® Sc'/° o Fy(3).

kme = TLH(4).

Here, Sh is the external Sherwood number, which relates the
convective and diffusive mass fluxes at the fluid-strut interface; Refoam =
PeVsltoam /pis is the foam Reynolds number based on the characteristic
length ltoam = a + ds, with pore size a and strut diameter ds; vs is the
superficial velocity of fluid with density p; and dynamic viscosity p;
Sc = pg/p¢Dy is the Schmidt number and Dy is the molecular diffusivity in
the fluid phase; Fy = (loam[m]/ 0.001[m])0'58 ecd4 is the foam
geometrical parameter relating foam porosity égam. It should be noted
that [m] in the equation of F; denotes the unit meter, see (Incera Garrido
et al., 2008) for the detailed formulation of Eq. (3).

To estimate the internal mass transfer coefficient ky,;, the correlation,
Egs. (5-6), proposed by Joshi et al. (Joshi et al., 2009) is used.

Shi = Shie, + {1x(5).

ki = SE2=(6).

where: Sh; is the internal Sherwood number; Sh,, is the asymptotic
internal Sherwood number obtained in the limit of a slow reaction; { is a
constant, dependent on washcoat geometry and kinetic parameters; I is
the Thiele modulus; Ly, is the characteristic length scale for washcoat
and it is defined as the ratio of washcoat cross-sectional area to the
interfacial perimeter. Joshi et al. (Joshi et al., 2009; Joshi et al., 2009)
have provided the numerically computed values of Shi, and ¢ for
different washcoat geometries. Table 1 lists Shi; ¢ and Iy of selected
washcoat shapes which are considered in this work. The washcoat shape
represents the cross-sectional profile of a washcoated channel, assuming
it remains constant along the channel length. In this study, circular (or
annular) and hexagonal washcoated channels were considered, with the
assumption that both shapes have the same circular flow area. In the
circular channel, the washcoat thickness is uniform around the
circumference, whereas in the hexagonal shape, the thickness varies at
the corners, similar to other commonly used washcoated channel ge-
ometries such as square and triangle. In actual foam structures, there is a
greater chance of more washcoat being deposited at the strut joints.

A generalized equation of the Thiele modulus I for a reaction with an
order p is given by (Roy et al., 2004):

-1
T = lpy /21 2 (),

For washcoated foams, the diffusion length or shape factor Ip = Iy,
(Joshi et al., 2009; Moncada Quintero et al., 2021). D, is the effective
diffusivity of the reactant in the washcoat, and kg is the average reac-
tivity. Assuming a first-order kinetics, Eq. (7) can be simplified as (Joshi
et al., 2009):

r? =fbs).

The effective diffusion coefficient of species i in the washcoat is given
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Table 1

Characteristic length scale Iy, asymptotic internal Sherwood number Sh;.,, and
shape constant ¢ for different washcoat shapes (from refs. (Joshi et al., 2009;
Joshi et al., 2009).

Washcoat shape Lwe Sh;., and ¢
R2/Rq Shic, ¢
1.01 3.013 0.38
washcoat

1.1 3.153 0.36
1.2 3.311 0.34
1.5 3.818  0.27%

(3V/3s% —27R?) /(4nR) s/R Shic ¢
1.155 0.814 0.77
1.17 1.16 2.08
1.2 1.74 1.60

# Value obtained by extrapolation.

by (von Rickenbach et al., 2015):
1 Twe 1 1
Dei  fwe (Dknud. i +ﬁi> 9.

where, 7y, and &, are the washcoat tortuosity and porosity,
respectively. The Knudsen diffusion coefficient Dy,,q i is determined by
using an average washcoat pore diameter dy. and the species molecular
weight M; as (von Rickenbach et al., 2015):

dwe T,
Dynua, i = 3 %11(10)

Makhania and Upadhyayula (Makhania and Upadhyayula, 2022)
have stated that the tortuous foam geometry stimulates the diffusion of
species into the washcoat, which should also be considered in deter-
mining D.. They used the foam tortuosity .., instead of washcoat
tortuosity 7. to estimate D., and calculated the Thiele modulus and
effectiveness factor, resulted a better agreement between theoretical
equations and detailed simulations.

Accordingly, Eq. (9) to determine D, ; is modified to account for the
influence of foam tortuosity 7f,,m and foam porosity egam as:

1 Twe 1 Toam [ 1
Dei — Ewc (Dknud. i) + Efoam <D|) an.

The tortuosity of an open-cell foam can be estimated by (Inayat et al.,
2016):

0.5
ool )L (1 —tum) 22
where, @ is the strut shape factor; for the cylindrical strut @ ~ 4.87
(Inayat et al., 2016).
The concept of the internal Sherwood number and its formulation
have been explained in detail in refs. (Joshi et al., 2009; Joshi et al.,
2009; Balakotaiah, 2008; Bhattacharya et al., 2004).

Tfoam = 1 +@

2.1.2. Apparent reaction rate

To determine the apparent reaction rate, the intrinsic reaction rate
should be adapted with mass transfer resistances. In modeling foam
based catalyst converters, Hayes et al. (Hayes et al., 2012) have pre-
sented a method to derive the apparent reaction rate. The same method
was followed in this study.

Considering kg; as the intrinsic reaction rate, the average reaction
rate R; of species i in terms of mass fraction in the washcoat Y. is:

Chemical Engineering Science 308 (2025) 121416

R; = kgipYiwc(13).

The total mass transfer into the bulk fluid phase and the bulk reaction
rate in the washcoat can be related as:

m= kmoav/)f(Yi‘fm _Yi,wc) = ﬂkR‘ipsYi.wc(l“)-

where, kp, is the overall mass transport coefficient as per Eq. (2),
Y;m is the mass fraction of species i in the bulk phase (see Fig. 1 (C)).
The washcoat factor $ accounts for the reduced availability and acces-
sibility of active catalyst particles relative to entire geometric surface
area — a correction factor which could take values between 1 and 0. The
interfacial area per unit volume a is assumed to be equal to the specific
geometric surface area of the foam catalyst, estimated by an empirical
model (Incera Garrido et al., 2008):

085 _

ay = 3.84(lgam) £ 052(15)

lfoam = a + ds, with pore size a and strut diameter d;.

On rearranging Eq. (14), a relationship between the mass fraction in

the bulk fluid phase and bulk washcoat can be obtained as:

kmo@vpy

Yi,WC = (m) Ylfm(16)

Substituting Eq. (16) into Eq. (13) yields the apparent average re-
action rate of species i in the washcoat:

53 kmoavpf >
R; = kg bl L S Yitm = Kapp, iP¢Yifm(17)
i,app Rl(ﬂ’Ri ] k oGPt PrYifm app, it ¥ifm

kapp.i
The apparent rate constant k,pp; can be written as:

1 _ 1 Ps
kapp,i ﬁkR.i kmo aypy

18)

For heterogeneous catalytic surface reactions, the intrinsic kinetics
can be determined experimentally, and the intrinsic rate equations or
models can be derived, primarily by using the Langmuir-Hinshelwood-
Hougen-Watson (LHHW) approach (Hou and Hughes, 2001; Batebi
et al., 2021; Barteau et al., 1981). A common form to calculate the
intrinsic rate constant of species i; kg; in [s71] is:

kr; = Z]N:Rl (ayry) M;(19)

where: NR is the number of reactions, q; is the stoichiometry coef-
ficient of species i in the reaction j, r; is the reaction rate in [mol g.cat™!
s_l], M; is the molecular weight of species i in [g mol~1].

Using Eq. (18), kg obtained from kinetic models can be modified to
kapp,i» which includes the effect of mass transfer resistances. Accordingly,
an apparent source or sink term for the production or consumption of
species i upon chemical reactions in a catalytic foam of density p, is
given by:

Si,app = pskapp.iYi,wc(zo)

2.2. Illustrative example

For the illustration of the mass transport modeling approach
mentioned above, the oxidation of carbon monoxide in a Pt-coated foam
catalyst monolith, provided by Dong et al. (Dong et al., 2018), was
chosen. The authors have measured the axial species concentration and
temperature profiles along the center core of a foam monolith under CO
oxidation on Pt nanoparticles. The Pt-coated a-Al,03 foam catalyst, with
a length of 20.1 mm, was inserted into a silica reactor tube having an
inner diameter of 18 mm. At the center core of the foam, a small channel
of about 1 mm was drilled to place a sampling capillary of about 700 um
outer diameter, which has a sampling orifice of about 100 ym. Dong
et al. (Dong et al., 2018) have also conducted strut-resolved CFD sim-
ulations, in which the foam structure was digitalized by X-ray micro-
tomography and the catalytic chemistry was modeled by a micro-
kinetic reaction model of Deutschmann et al. (Deutschmann et al.,
1996). A detailed description on experimental setup, measuring pro-
cedures, and numerical study can be found in the refs. (Dong et al., 2018;
Korup et al., 2011).

In accordance with the experimental reactor, a setup for macroscopic
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CFD simulations was realized as shown in Fig. 2 (A). The CFD domain
was composed of a porous region representing the catalytic foam, and a
fluid region for the extended outlet section. The meshing was carried out
using Siemens Simcenter STAR-CCM + version 16.06, with polyhedral
cells in the bulk region and prism-layer cells at wall-boundary regions,
see Fig. 2 (B) The total cell count was about 30,000. At the inlet, uniform
velocity and temperature were assumed. No-slip wall boundary condi-
tion was assigned to the reactor tube wall, foam surface and capillary
wall. The capillary wall were set as adiabatic, and a constant heat loss of
20 W was assigned across the reactor wall, in accordance with the ob-
servations in ref. (Dong et al., 2018). A pressure boundary condition was
assigned at the outlet of the simulation domain. Table 2 lists the inlet gas
composition and other boundary values. The relevant properties of the
foam and the washcoat are provided in Table 3.

The flow condition was assumed to be laminar, and simulations were
carried out at steady-state upon solving the governing equations by the
finite-volume method, using Siemens Simcenter STAR-CCM + version
16.06. A detailed description on fundamental equations can be found
elsewhere (Ferziger and Peric, 2002; Versteeg et al., 2007). The trans-
port equations relevant to the porous domain (foam catalyst) are briefly
discussed (Siemens Digital Industries Software, 2020).

Continuity equation:

$4 Efoampv-da = 0(21)

where: v is the physical or true velocity in the porous medium with
PpOrosity €ram, a is the area vector.

Momentum equation:

$4 Eroampv@v-da =
fvefoamfbdv + fvefoamfpdv(zz)

where: ® denotes the outer product, p is pressure, T is the viscous
stress tensor, I is the Identity tensor, f} is the resultant of body forces.

_§A EfoampPl-da + fA EfoamT-da +

1
A €O +50,

vs=0.341ms"’ Velocity Inl
T, = 1490 K elocity Inlet

20 T

1 Pressure Outlet

Co,

—— Catalytic foam

Porous region
Reactor wall

L_ at constant heat
loss of 40 W

capillary

Prism layers

Polyhedral cells

Extended outlet/ Fluid region |
-
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Table 2
Simulation parameters (from ref. (Dong et al., 2018).

Feed compositions (in mole fraction):

co 0.126
0, 0.063
CO, 0.010
Ar 0.736
He 0.065
Inlet velocity [m s~1] 0.341
Inlet temperature [K] 1490
Reference pressure [bar] 1
Wall heat loss [W] 20
Table 3

Properties of foam and washcoat (from refs. (Dong et al., 2018; von Rickenbach
et al., 2015).

Foam parameters:

Cell size, ¢ [mm] 1.35 + 0.09
Pore size, a [mm] 0.65 + 0.09
Strut size, d; [mm] 0.35 + 0.09
Porosity,foam 0.73 £ 0.02
Washcoat parameters (base case):

Porosity,éwc 0.35
Tortuosity, e 3.5

Pore diameter,d,,. [nm] 10
Thickness [um] 5

Washcoat shape Annulus

The porous resistance f, = P-v,, with the resistance tensor P =P, +
P;|vy|. The viscous resistance tensor P, and the inertial resistance tensor
P; were defined by the Lacroix correlation (Lacroix et al., 2007); Egs.

(B)

Fig. 2. (A) Simulation setup and boundary conditions; (B) Mesh details illustrated on a vertical slice.



G.R. George et al.

(23, 24), based on the foam structural parameters such as cell size ¢,
pore size a, strut diameter d;, and porosity &g,m, see (George et al., 2021)
for details and validation. The superficial velocity v; is related to the true
velocity as vy = €foamV-

\% 1—¢)? 1-
T =A™ Bamsit (23)

ds = 1(24)
2
e |:(3i”> (178):|

Energy equation:

Based on the concept of thermal equilibrium in a porous domain
(Tawia = Tsolia), the energy equation is given by:

fA EfoamPfluid Hﬂuid vda = fA ;leff VTﬂuicl -da + fA “:foamT'V'da +
fVSfoamfb-VdV + fVS§dV(25)

where: Hgyiq is total enthalpy of fluid, S{, is energy source term.
According to Schuetz and Glicksman (Schuetz and Glicksman, 1984),
the effective foam thermal conductivity A is given by:

Aett = EfoamAt + (1 — 6'foam)%/‘[foam,b(26)

where: ¢ is fluid conductivity and Agoam p is bulk foam conductivity,
see (George et al., 2022) for a detailed explanation.

The amount of heat released or consumed during a catalytic reaction
is defined in the energy source term as (Karthik and Buwa, 2017; Dixon
et al., 2012):

S5 = pd5hn ( —AH;) (27)

where: p; is the density of the foam; r; and AH; are the reaction rate
and the heat of reaction for reaction j, respectively, and NR is the
number of reactions.

Conservation of species i:

$a (pYiv)da = §, Jida + [,S;appdV(28)

where, Y; = m;/m is the mass fraction of species i with mass m; and
total mixture mass m. The molecular diffusive flux J; based on mixture-
average formulation and for a porous medium is:

Ji = peem S Dy VY (29)

Tfoam

Nl

where: p; is the fluid or mixture density and tortuosity of the foam,
D;; is the multi-component diffusion coefficient for species i and
component j.

To determine the apparent source term S;.p, (Eq. (20)) and heat
source S¢, (Eq. (27)) for the oxidation reaction of CO on supported
platinum, the kinetic rate expression from Shishu and Kowalczyk
(Shishu and Kowalczyk, 1974) was used. The kinetic parameters for the
rate equation Eq. (30) is provided in Table 4, where p; is the partial
pressure of species i.

__ kKcoKo,Pcopo, ,(30)
(1+KCOPC0 +Ko,Po, )

3. Results and discussion
3.1. Comparison of experiment and simulation

The simulation results have been verified with experimental data
provided by Dong et al. (Dong et al., 2018). Fig. 3 (A) shows the com-
parison of species mole fractions at the center core of the catalytic foam
along the axial direction. For the validation purpose, the washcoat
properties presented in Table 3 are used, and the shape of the washcoat
is assumed to be an annulus, with an outer-to-inner annulus ring ratio of
R2/R; 1.01, see Table 1.

The species profiles predicted by CFD are in good agreement with

Table 4
Kinetic parameters (Shishu and Kowalczyk, 1974; Sosna et al., 2020).

k[mol kg.cat ! s7!] Kcol[Pa™'] Ko, [Pa ']

1‘4.106e745400/'RT 2A101075610600/RT 1 ‘3.1079e24830/RT
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experimental data, except at the reactor entry region (0 < z° < 0.2).
There may be many reasons for this discrepancy. In the Supporting In-
formation, some of the possible reasons are discussed in detail. One of
the possible reasons may be the discrepancies in the used kinetic model.
The reaction rate and the resulting species profiles are strongly depen-
dent on the kinetic parameters used. Since the modeled chemistry ap-
pears faster compared with experimentally determined species profiles,
additional simulations were carried out by varying the pre-exponential
factor in the rate equation (the original value is 1.4 .10°, see Table 4).
Fig. 3 (A) also shows the CO5 profiles for the modified pre-exponential
factors of 1.0-10% and 0.8-10°. As expected, the reaction rate decreases
with the reduced pre-exponential factors. Other possibilities for the
mismatch include - influence of local variations in the foam internal
structure, i.e., pores and struts, and hence variation of local velocity and
associated heat and mass transfer; difference in the catalyst composition
in the washcoat, including the availability and accessibility of active Pt
nanoparticles; simplified heat loss assumption; slight mismatch in flow
conditions (velocity, temperature) upstream the catalytic foam inlet
compared to the experiments, where inert foams were used, see (Dong
et al., 2018). A discussion of the potential reasons for the mismatch
between the experiment and simulation is presented in the Supple-
mentary Information.

Fig. 3 (B) depicts the comparison of the center-line temperature
profile. The simulated temperature profile is marginally higher than the
measured. By adjusting the pre-exponential factors, the temperature
profile slightly shifts to the lower side, due to the reduction in the
amount of heat generated. It should also be highlighted that experi-
mental artifacts are reported in the original work, which led to the peak
temperature occurring directly at the catalytic foam entrance, see (Dong
et al., 2018) and Supplementary Information for details. Since the cat-
alytic reaction is the only heat source, the temperature profile along the
reactor should be in line with the rate of reaction. The simulated tem-
perature profile appears physically meaningful, as the temperature rises
once the reactants enter the catalytic foam and undergo an exothermic
reaction. It should also be noted that the thermal-equilibrium energy
transport model used in this study does not account for thermal radia-
tion effects. The radiation effects of foam material, capillary, and the
reactor wall could have an impact in the actual temperature distribution
while operating in such high temperature conditions. To include the
local heat transfer between strut surfaces and fluids, as well as thermal
radiation effects in this CFD framework, appropriate sub-models are
needed, which require further detailed studies.

It is worthwhile to highlight the lower computational costs in
executing this low-dimensional CFD model. The above-mentioned re-
sults were obtained by performing simulations on one CPU (intel Core
i7-8700 K) for less than half an hour. Considering the enormous effort
and computational costs required for detailed simulations like strut-
resolved, the results of the proposed simplified CFD approach appear
promising.

3.2. Effect of washcoat shapes

As explained in Section 2.1.1, one of the critical parameters in
defining the internal mass transport coefficient is the washcoat shape.
To investigate the influence of washcoat shapes, simulations were con-
ducted by assuming washcoat shapes of annulus and hexagon (see
Table 1). For hexagonal shape, the ratio of side length to inner circle
radius was assumed to be s/R = 1.2, with an average washcoat thickness
of 5 um. The rest of washcoat properties were kept same as in Table 3.

Fig. 4 (A) shows the comparison of CO, profiles for different wash-
coat shapes. It is inferred that the reactivity is higher while considering
an annulus washcoat shape. As shown in Fig. 4 (B), the CO conversion
drops by about 5 % for the hexagonal washcoat shape. The internal mass
transfer coefficient is dependent on the effective diffusion length and its
distribution along the fluid-washcoat interface. In the case of an annulus
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Fig. 4. Comparison of (A) CO, profiles along normalized reactor length (z° = z/L;L = 20.1mm), (B) percentage CO conversion, (C) internal effectiveness factor
(ratio of apparent reaction rate to reaction rate without washcoat diffusion resistance), and (D) axial temperature profile for different washcoat shapes (washcoat
shape parameters are from ref. (Joshi et al., 2009).

shape with a uniform washcoat thickness, the spread in the diffusion interface. This results in a high internal mass transfer coefficient. On the
length around the wetted perimeter is identical, thereby providing a contrary, the washcoat thickness is non-uniform in the hexagonal
similar diffusion path for all the molecules at the fluid-washcoat washcoat, therefore the reacting species are subjected to different
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diffusion lengths along the fluid-washcoat interface. This leads to an
increase in internal mass transfer resistance. Joshi et al. (Joshi et al.,
2009) have determined numerically the asymptotic Sherwood numbers
for different washcoat shapes and have found that the maximum value is
for the annulus shape with a uniform washcoat thickness, whereas the
minimum is for hexagon. Despite this, a non-uniform catalyst distribu-
tion could yield a higher internal mass transfer coefficient, when cata-
lysts are deposited in multiple layers and in such a way that a higher
catalyst distribution is in the zone adjacent to the fluid-washcoat
interface (Joshi et al., 2009). Fig. 4 (C) depicts the internal effective-
ness factor, which is defined as the ratio of actual reaction rate to the
reaction rate without washcoat internal diffusion resistance. It is evident
that the hexagonal washcoat shape delivers lower internal effectiveness
in the reaction zone due to higher internal mass transfer resistance.
Fig. 4 (D) shows the axial temperature profile for different washcoat
shapes. The actual reaction rate decreases for the hexagonal washcoat
shape, subsequently lowering the amount of heat rejection as per Eq.
7).

3.3. Effect of washcoat thickness

The influence of washcoat thickness on mass transport is examined
for 5 pm, 50 um, and 100 um, assuming an annulus washcoat shape,
withR,/R; = 1.01, 1.2, and 1.5, respectively. The corresponding values
of Sh;,, and ¢ are selected from Table 1.

Fig. 5 (A) shows CO; profiles for different washcoat thickness. The
internal mass transfer resistance increases with larger washcoat thick-
ness, resulting in low reactivity. As shown in Fig. 5 (B), the conversion of
CO drops by about 9 %, when the thickness of washcoat is increased
from 5 pm to 100 pym. Increasing the washcoat thickness increases the
diffusion path and makes the active catalyst sites deep within the
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washcoat layer less accessible, thereby reducing the internal mass
transfer coefficient. At the same time, the amount of catalyst holdup
decreases while the washcoat becomes thinner. Hence, it is likely that an
optimum local washcoat thickness relevant to a specific reaction exists,
which provides the peak conversion rate. As indicated by Fig. 5, an
optimal washcoat thickness could have an axial gradient. If radial heat
transfer is an issue, an optimal washcoat thickness is then a function of
axial and radial reactor coordinate. Ref. (Stutz and Poulikakos, 2008)
studied the optimal uniform washcoat thickness for a monolith reactor
for syngas production by partial oxidation of methane and found that
under the specified reaction conditions, 70 ym washcoat thickness is
optimal. Fig. 5 (D) shows the comparison of internal effectiveness factor
along the reactor axial direction for different washcoat thicknesses. The
internal effectiveness factor is significantly reduced upon increasing the
washcoat layer thickness to 100 um due to the increased washcoat
diffusion resistance. This is also reflected in the exothermicity of the
reaction, as observed in axial temperature profiles in Fig. 5 (D).

3.4. Effect of washcoat tortuosity, porosity, and pore diameter

Since washcoat properties such as tortuosity, porosity, and pore
diameter are difficult to quantify precisely, a certain degree of uncer-
tainty is always inherent in them. It is therefore worthwhile to examine
the influence of these washcoat parameters on the reactor performance.
Fig. 6 (A, B) show the influence of different tortuosity-to-porosity ratios
Twe/€we 0N CO4 profile and overall conversion, respectively. For all cases,
an annulus washcoat shape with a uniform thickness of 100 um is
assumed. It is evident that the conversion decreases with an increase in
Twe/€we. Higher tortuosity causes an increase in the effective diffusion
length, resulting in a lower internal mass transport coefficient. On the
other hand, increasing the porosity of the washcoat reduces the
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Fig. 5. Comparison of (A) CO, profiles along normalized reactor length (z° = z/L;L = 20.1mm), (B) percentage CO conversion, (C) internal effectiveness factor
(ratio of apparent reaction rate to reaction rate without washcoat diffusion resistance) and (D) axial temperature profile for different washcoat thicknesses.
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Twe/€we. For all cases, dy. = 10nm.

resistance to diffusion of the reacting species into the washcoat, subse-
quently increasing the effective diffusion coefficient, see Eq. (11). Fig. 6
(C, D) depicts internal effectiveness factor and axial temperature pro-
files, respectively. The internal effectiveness factor decreases when the
tortuosity-to-porosity ratio increases due to increasing washcoat diffu-
sion resistance, which lowers the rate of reaction and exothermicity.
Fig. 7 (A-D) show the effect of washcoat average pore diameters dy.
on CO, profile, conversion, internal effectiveness factor, and axial
temperature, respectively. In general, the trend in increasing the
washcoat pore diameter is almost similar to the effect of decreasing the
tortuosity-to-porosity ratio. With an increase in dy,. from 5 to 50 nm, CO
conversion increases by about 15 %. The Knudsen diffusion increases
with increasing dy. via. Eq (10), which results in a higher effective
diffusion coefficient and internal mass transfer coefficient; similar ob-
servations have been reported in ref. (von Rickenbach et al., 2015).

4. Conclusion

A simplified macroscopic CFD method is presented to model mass
transport phenomena, including chemical reactions, in catalytic wash-
coated open-cell foams. The foam catalyst was assumed to be an
isotropic porous medium, with suitable sub-models used to account for
the flow resistance, species, and energy transport within the foam
structure. The conversion of species during catalytic reactions was
defined by the appropriate source or sink terms based on kinetic rate
equations. The external and internal mass transfer resistances occurring
at the fluid-washcoat interface and within the washcoat layer were
considered in the species transport equations by adjusting the source
terms, with the concept of external and internal Sherwood numbers

taken from the literature. This enhances the flexibility of the proposed
modeling approach, making it adaptable to various open-cell structures,
such as periodic open-cells or gyroids. The application of such open-cell
structures in the design of novel catalytic reactors has recently proven to
be highly advantageous (Ambrosetti et al., 2020; Eckendorfer et al.,
2024).

Catalytic CO oxidation was studied as an example. The simulated
species profiles were compared with experimental data from the liter-
ature and good agreement was found for the conditions studied. Para-
metric studies were performed to investigate the influence of critical
washcoat parameters on the proposed CFD model. The simulation re-
sults were found to be physically meaningful. By increasing the wash-
coat thickness and tortuosity, the internal mass transfer coefficient
decreases due to a higher effective diffusion length in the washcoat. On
the other hand, increasing the washcoat porosity and pore diameter
allows the reactants to more easily access the washcoat catalyst layer,
thus increasing the internal mass transfer coefficient.

This simplified CFD approach is particularly valuable for reactor
design, such as packed beds of foam pellets or larger foam monoliths,
where the internal structure of the foam cannot be resolved for cost
reasons. Since the sub-models can be modified rather easily, this CFD
approach can be also applied for washcoated monolith reactors. This is
especially valuable, since strategies for improved catalyst design of
structured reactors include double layer and zone coatings (Maurer
etal., 2021; Walter et al., 2021). The proposed simplified CFD approach
can support such novel catalytic reactor designs by guiding for example
the preparation of porosity gradients. It should be noted that the accu-
racy of such lumped models is highly dependent on the reliability of the
correlations used, which in turn depend on the morphological
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parameters of the foam, such as strut shape, pore size, porosity, etc. If
the foam morphology deviates significantly from the typical, it would be
ideal to estimate or verify the relevant correlations and foam parameters
through detailed simulations using a representative volume of the foam
geometry. These verified parameters can then be used as input to con-
tinuum models applied to larger reactor systems, ensuring the accuracy
of the simplified model.
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