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Abstract

Catalytic surface reactions occur in numerous industrial processes such as hydrogen production, emission con-
trol, and chemical synthesis. Despite their importance, modeling these catalytic reactions remains challenging
due to the complexity of surface chemistry and the limitations of the existing standard OpenFOAM libraries.
This study introduces a novel OpenFOAM-based framework with newly developed libraries for surface chem-
istry. The framework incorporates flux-matching boundary conditions, enabling precise simulations of chemical
species production, consumption, and reaction heat at gas-surface interfaces. The surface chemistry library is vali-
dated against hydrogen oxidation simulations on Rh/Al»O3 catalysts using experimental and numerical data. This
validation demonstrates that the library shows reasonably good agreement with benchmark data, confirming the
library’s capability to reproduce both experimental and numerical results, confirming its reliability and robustness.
Consequently, the developed framework provides a robust platform for advancing the understanding of catalytic
surface reactions and supporting application in various industrial chemical processes.
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Information for Colloquium Chairs and Cochairs, Editors, and Reviewers

1) Novelty and Significance Statement

The currently available standard OpenFOAM library has limitations in solving surface chemical reactions. To
overcome this limitations, this study presents the development of a surface chemistry library integrated with Open-
FOAM standard library. The developed surface chemistry library is designed to describe complex gas-surface
interactions such as the chemical species generation and consumption at gas-surface interfaces. This development
can offer significant advancements in modeling gas-surface interactions, providing researchers in heterogeneous
reacting flow simulations with a robust computational tool.
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The four-page format was selected to highlight the key aspects of our research, delivering a concise presentation.

4) Colloquium Selection

* Colloquium topic 1: Numerical Combustion

* Colloquium topic 2: Heterogeneous Combustion



© ©® N o O K~ W N

22

23
24
25
26
27
28
29
30
31
32

33

34

35

36
37
38
39
40
41
42
43
44
45
46

15™ Asia-Pacific Conference on Combustion
18 — 22 May 2025, Singapore

1. Introduction

OpenFOAM [1], an open-source computational
fluid dynamics (CFD) platform, offers a robust and
extensive framework for simulating reactive flows.
Despite its capabilities, it remains unable to properly
address surface chemistry—a key aspect of numer-
ous chemical processes such as hydrogen production,
emission control, and chemical synthesis—due to its
limited libraries. These processes often involve reac-
tions occurring at the gas-solid interface, known as
heterogeneous or surface reactions [2].

In this study, we developed a surface chemistry
platform and integrated it with the standard Open-
FOAM library. This platform facilitates the model-
ing of the production and consumption of chemical
species at gas-surface interfaces, allowing for more
accurate simulations of catalytic systems. The surface
chemistry platform was applied in the simulation of
hydrogen catalytic combustion on an Rh/Al2O3 cata-
lyst, and the results were validated against the bench-
mark data from Karakaya et al. [2].

2. Theoretical modeling

The theoretical basis of the developed surface
chemistry solver is organized into two main pats:
the governing equations, which describe the trans-
port processes within the fluid, and the flux-matching
boundary conditions, which account the surface reac-
tions occurring at the gas-surface interface.

The governing equations for the gas phase are the
same as those in OpenFOAM’s original reactingFoam
solver. These equations describe the conservation of
mass, momentum, species, and energy:
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where ¢ is the time, p the mixture density, v the ve-
locity vector, p the pressure, T the viscous stress ten-
sor, Y; and w$™ the mass fraction and the net reaction
rate in the gas phase of the i-th species in the mix-
ture. hs, K, and Q%ﬂs denote the sensible enthalpy,
the kinematic energy, and the net heat of reaction from
gas-phase reactions, respectively. p.fr and c.fr are the
effective viscosity and thermal diffusivity of the mix-
ture, and k, is the number of species in the gas pase.

Radiative heat transfer was neglected due to its
negligible effect under the conditions considered in
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this study. To account for molecular and thermal dif-
fusions, the standard kinetic theory transport model
was implemented to address the limitations of the ex-
isting OpenFOAM transport model. This approach
calculates species transport properties, including vis-
cosity (u), thermal conductivity (\), and binary dif-
fusion coefficients (D;;), based on the kinetic theory.
Detailed formulations of the model can be found in
CHEMKIN [3].

Surface reactions, determined by the fraction of
chemical species absorbed on the active sites on the
catalyst surface and represented by the site fraction,
05 [4], differ from gas-phase reactions, which depend
on the concentration of gas phase species. As a result,
modeling surface chemistry requires solving a sys-
tem of governing equations, along with an additional
equation for the conservation of adsorbed chemical
species, which is expressed through the site coverage
conservation:

K
> O=1, (k=1,...
k=1

Furthermore, the formation rate of the k-th site
species on the catalytic surface, W™, depends on the
variation in the site fraction 6.
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where psic s the site density, representing the number
of moles of active sites on the catalyst surface per unit
area.

The developed surface chemistry solver uses flux-
matching boundary conditions to handle species pro-
duction, consumption, and heat of reactions at the
gas-surface interface. These are expressed by the i*"
gas-phase species production rate and heat of reac-
tions as follows:

(AVT) |calaly1iCWall = Fcatjgeonrurf (7)
(pDimVYi) |catalylicWall = F Ca'fgeowzurr,
(’L‘:lw"?kg) (8)

To enhance the surface reactivity, catalytic surfaces
are designed to have large specific surface area, max-
imizing the availability of active sites and enhance re-
action rates. This enhancement is accounted for using
the term Ftaygeo, Which represent the ratio of the cat-
alytic area to the geometric area:

Acatalyst (9)

Feay =
geo
A geometric

where D;,, is the individual species mixture-
averaged diffusion coefficient, and Q3" represents
the heat of reaction due to surface reactions on the

catalytic surface.
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3. A new developed framework

Building upon the standard thermophysical Open-
FOAM library, we developed a novel framework
for simulating heterogeneous reacting flows in
OpenFOAM-8. This framework incorporates the
surface chemistry libraries and implements flux-
matching conditions at the gas-surface interface, cal-
culated based on site fraction.

4. Validation

The stagnation flow reactor configuration was cho-
sen due to its effectiveness as a tool for kinetic mea-
surements, providing a well-defined flow field that
enables the study of heterogeneous chemistry under
both steady-state and transient conditions [2]. A
hydrogen catalytic combustion simulation was con-
ducted using this configuration to validate the imple-
mentation of the surface chemistry library. Surface re-
actions were facilitated by the stagnation disk, which
was coated with an Rh/Al2 O3 catalyst [2].

A 2-D axisymmetric stagnation flow reactor con-
figuration, illustrated in Fig. 1, was adopted. The re-
actor design features a 39 mm gap between the gas
inlet and the stagnation disk, with a disk radius of 78
mm to approximate an infinite flat plate. At the inlet,
a mixture of Ha, O2, and Ar, of which mole fractions
are 0.0573, 0.0287, and 0.914, respectively, is intro-
duced at a velocity of 0.51 m/s and a temperature of
313 K. The reactor pressure is maintained at 0.5 bar.
The flow impinges on the catalyst-coated stagnation
disk, which is heated to 673 K, where surface reac-
tions convert Hy into HaO. Fraygeo is set to 30.

Stagnatio _l
.

I

Catalytic Layer
Gas Inlet

Rh/Al; 03 atom
(Active site)

Fig. 1: Stagnation flow reactor configuration. r and z denote
the radial and axial direction, respectively. J represents the
boundary layer thickness.

In this configuration, the boundary layer develop-
ing near the disk significantly affects reactant trans-
port, product emission, heat transfer, and reaction
rates. To accurately capture these effects, a high-
resolution grid near the stagnation disk was generated
near the dist. The computational domain employed a
uniform grid with a resolution of 50 um, ensuring ac-
curacy in the results. A mesh sensitivity test was also
conducted to confirm the validity of the mesh.
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The Ho sub-mechanism from the surface reaction
mechanism detailed in [5] was adopted to model hy-
drogen catalytic combustion on an Rh/Al>O3 cata-
lyst. This mechanism was selected because it effec-
tively reproduces experimental results for hydrogen
reactions on Rh/Al;O3 surfaces [5]. It comprises six
reversible elementary reactions involving three gas-
phase species and six site species, as outlined below:

R1: Ha(g) + 2Rh(s) — 2Ha2(s) (r1)
R2:  O2(g) + 2Rh(s) — 202(s) (r2)
R3: H20(g) + Rh(s) = H20(s) (r3)
R4: 2H(s) — 2Rh(s) + Ha(g) (t4)
RS: 20(s) — 2Rh(s) + Oa(g) ()
R6: H20(s) — Rh(s) + H20(g) (r6)
R7: H(s) + O(s) — OH(s) + Rh(s) (t7)
R8: OH(s) + Rh(s) — H(s) + O(s) (18)
R9: H(s) + OH(s) — H20(s) + Rh(s)  (19)
R10: H20(s) + Rh(s) — H(s) + OH(s) (r10)
R11: 20H(s) — H20(s) + O(s) (r11)
R12: H,0(s) + O(s) — 20H(s) (r12)

where Rhs) represents a vacant site. g and s denote
a gaseous species and an adsorbed species on the cat-
alyst surface, respectively.

Table 1: The rate constants in CHEMKIN format for
Rh/Al203 catalyst

Reaction No. A [cm,mol,s] B Eg4 [kJ/mol]

1 3.000 x 10~2 Stick -
2 1.000 x 10—2 Stick -
3 1.000 x 101 Stick -
4 5.574 x 1019 0.239 59.69
5 5.329 x 1022 —0.137 387.00
6 6.858 x 1014 —0.280 44.99
7 8.826 x 1021 —0.048 73.37
8 1.000 x 1021 0.045 48.04
9 1.743 x 1022 —0.127 41.73
10 5.408 x 1022 0.129 98.22
11 5.735 x 1020 —0.081 121.59
12 1.570 x 1022 0.081 203.41

Psite = 2.72 X 1077 kmol/m?.

Based on Langmuir-Hinshelwood kinetics, the
mechanism models adsorption, desorption, and sur-
face reactions between adsorbed species using the
mean-field approximation. This approximation as-
sumes that the surface is uniform, with species ran-
domly distributed across it.

The rates of reactions r; (i = 1,...,12) are ex-
pressed in CHEMKIN format, with the reaction rate
constant coefficients listed in Table 1. The formula-
tion of r; is as follows:

:kiﬁ[X

k=1

10)
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The rate constant k; is calculated using Eq. 11 for
standard surface reactions and Eq. 12 for sticking co-
efficient reactions:

A; TP exp (—%) (1)
ki - ’
?=1 ":ij RT
Vi \ Ty, (12

where ~; is the sticking coefficient, representing the
probability of a gas molecule adhering to the surface
upon collision in a chemical reaction. o; denotes the
number of sites occupied by the species j, and Wy,
represents the molecular weight of the species.
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Fig. 2: 1-D profiles of mole fractions of Ha, O2 and H2O as
a function of distance from the catalytic disk. The symbol
and dashed line represent the experimental data [2] and nu-
merical prediction [2], respectively. The solid line denotes
the numerical prediction from thisstudy.

Fig. 2 shows the 1-D species concentration profiles
of Ha, O2 and H2O obtained from the present simula-
tion together with the benchmark data from Karakaya
et al. [2]. The simulation results show good agree-
ment with the benchmark numerical data. However,
minor deviations are observed when compared to the
experimental data, particularly in the diffusion be-
havior of H2 near the stagnation disk. These differ-
ences are attributed to uncertainties in transport prop-
erties arising from the mixture-averaged approxima-
tion, which introduces inaccuracies in predicting the
diffusion of light species like Ha [6].

It is worth noting that similar discrepancies also
exist in the benchmark numerical data when com-
pared to their experimental data [2]. This consis-
tency also confirms the reliability of the developed
surface chemistry solver in reproducing trends ob-
served from the benchmark study, demonstrating the
successful implementation of the OpenFOAM-based
surface chemistry library.

5. Conclusions
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In this study, we successfully developed a novel
framework that integrates a surface chemistry library
with flux-matching boundary conditions at catalytic
surfaces. This approach enables accurate prediction
of species production and consumption, as well as the
heat of reaction associated with heterogeneous reac-
tions. The developed surface chemistry library was
validated against hydrogen oxidation over Rh/Al2O3
catalysts, based on the data from Karakaya et al. [2].
The simulation results were compared with bench-
mark data, showing good agreement. While minor
discrepancies were observed in the Hz concentra-
tion profiles near the catalytic surface, the developed
framework demonstrated its capability to reasonably
reproduce the benchmark results. These findings con-
firm the validity and reliability of the developed code.

Declaration of competing interest

The authors declare that they have no known com-
peting financial interests or personal relationships that
could have appeared to influence the work reported in
this paper.

Acknowledgments

This research was supported by the Basic Science
Program through the National Research Foundation
of Korea (NRF) funded by the Korea government
(MSIT) (RS-2024-00356149) and the POSCO Hold-
ings.

References

[1] The OpenFOAM Foundation Ltd,. OpenFOAM: The
open source computational fluid dynamics (CFD) tool-
box. Version 8 (2020).

[2] C. Karakaya, O. Deutschmann, Kinetics of hydrogen
oxidation on Rh/Al, O3 catalysts studied in a stagnation-
flow reactor, Chem. Eng. Sci. 89 (2012) 171-184.

[3] R. J. Kee, F. M. Rupley, E. Meeks, J. A. Miller,
CHEMKIN-III: A FORTRAN chemical kinetics pack-
age for the analysis of gas-phase chemical and plasma
kinetics, SAND96-8216 (1996).

[4] M. E. Coltrin, R. J. Kee, F. M. Rupley, E. Meeks, SUR-
FACE CHEMKIN-III: A Fortran package for analyzing
heterogeneous chemical kinetics at a solid-surface - gas-
phase interface, Tech. rep., Reaction Design, Inc (1996).

[5] M. Hartmann, O. Deutschmann, Catalytic partial ox-
idation of iso-octane over rhodium catalysts: An ex-
perimental, modeling, and simulation study, Combust.
Flame 157 (2010) 1771-1782.

[6] R.J.Kee, et al., Technical report release 4.0, Tech. rep.,
Reaction Design, Inc, San Diego, CA (2005).



