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Abstract: This paper addresses the issues related to the low-temperature catalytic oxidation of
synthesis gas at high pressures under lean-burn conditions. The purpose of this study is to explore
the mechanism responsible for the interplay between carbon monoxide and hydrogen during their
combined oxidation process. Particular attention is given to the temperature range from 500 to
770 K, which is relevant to the catalyst inlet temperature encountered in catalytic combustion gas
turbine systems. Computational fluid dynamics simulations were performed by using a numerical
model with detailed chemistry and transport. Reaction path analysis was conducted, and the
rate-determining step in the reaction mechanism was finally identified. It was shown that there is a
strong interplay between carbon monoxide and hydrogen during the combined oxidation process.
The addition of hydrogen causes a great change in the adsorbed species on the surface of the catalyst.
At temperatures as low as 600 K, the presence of hydrogen makes the active surface sites more
available for adsorption, thus promoting the catalytic oxidation of carbon monoxide. The coupling
steps between the two components make a small contribution to the promoting effect. At temperatures
below 520 K, the presence of hydrogen inhibits the catalytic oxidation of carbon monoxide due to the
competitive effect of hydrogen on oxygen adsorption.

Keywords: catalytic combustion; micro-combustion; low-temperature oxidation; power generation
systems; synthesis gas; numerical simulations; catalytic combustion gas turbines; computational
fluid dynamics

1. Introduction

There has been an increasing interest in the catalytic oxidation of synthesis gas, also known as
syngas, due to its potential applications in power generation systems [1–4]. A full understanding of the
mechanism of this reaction will be beneficial to develop other fuel processing technologies [5,6], such as
preferential oxidation, partial oxidation, and water-gas shift. All of these processes share the same
fundamental mechanism of carbon monoxide and hydrogen oxidation, adsorption, and desorption,
and thus the same synergetic effect arising from the use of multiple fuels. This synergism is usually
referred to in the literature as a “carbon monoxide-hydrogen coupling”.

Syngas is of interest for its promising applications in large-scale and portable power generation
systems [7–10] and fuel cell gas turbine hybrid systems [11,12]. Power generation utilizing
catalytic combustion has emerged as a promising alternative for these syngas-fueled systems [13–16].
Catalytic combustion can be achieved at much lower temperatures than conventional gas-phase
combustion [17,18], resulting in lower emissions. Furthermore, catalytic combustion systems can be
designed with very simple geometries, which can dramatically simplify the design and reduce the
cost [18,19]. Consequently, there is an increasing interest in developing the ability of applying this
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technology to power generation systems [20–23]. Although significant progress has been made in this
field [24–28], more fundamental research is needed to build confidence for the practical implementation
of this technology.

Numerous efforts have been focused on understanding the mechanistic aspects of the catalytic
oxidation of either carbon monoxide or hydrogen over noble metal catalysts. Catalytic oxidation
of these individual fuels is comparatively well understood at present. Additionally, considerable
progress has been made in the gas-phase combustion of syngas [29,30]. However, there is still
a lack of understanding of the catalytic oxidation of syngas, which is an issue of both practical
concern and fundamental interest [31,32]. This oxidation process is presently receiving considerable
attention [33–39], especially in the process design and development.

Unfortunately, the mechanism of the catalytic oxidation of syngas under the typical conditions
of gas-turbines has not yet been fully understood [39–42], and there still remain a series of open
questions that need to be further clarified [43–47]. There is a growing interest in developing a better
understanding of the reaction mechanism [36–39]. This interest is motivated by the need to improve
the performance and efficiency of currently operating power generation systems, as well as to reduce
the pollutant emissions generated in the oxidation process. However, a fundamental understanding of
the mechanism at the molecular level is still lacking, due to the complexity of this reaction. A crucial
aspect is the synergetic effect arising from the “carbon monoxide-hydrogen coupling”, which cannot
currently be captured with the reaction mechanism available in the literature. The existing mechanisms
do not adequately model the interplay between carbon monoxide and hydrogen during the combined
oxidation process [36,37], especially at low temperatures.

It is necessary to understand the mechanism of the catalytic oxidation of syngas due to its
potential application in both large-scale and portable power generation systems [7–10,16]. Considerable
progress has been made in the mechanism of the reaction at moderate-to-high temperatures,
with an aim toward identifying the complex interplay between carbon monoxide and hydrogen
during their combined oxidation process [2,3]. Recently, there have been several research activities
directed towards understanding the mechanism of the reaction at low temperatures, which is of
great significance in the field of catalytic combustion gas turbine systems [7,8,10,16]. However,
the mechanism at low temperatures still remains controversial, and there is conflicting experimental
data reported in the literature. Is this oxidation process simple? Recent experiments have demonstrated
that the low-temperature process is inherently complex and is critically dependent on operating
conditions [36,37]. Changes in temperature by even 50 K can greatly affect the mechanism [36,37].
Consequently, it is necessary to clarify the mechanism underlying the syngas catalytic oxidation
process in order to investigate this phenomenon thoroughly.

It has been reported that hydrogen has a promoting effect on the catalytic oxidation of carbon
monoxide [37]. However, there is still uncertainty as to whether the promoting effect is due to the result
of a change in the reaction kinetics of carbon monoxide oxidation by the production of intermediate
species, or the temperature rise caused by hydrogen oxidation. The nature of this oxidation reaction is
relatively complex, making it difficult to accurately determine the role of hydrogen in the mechanism.
A slight difference in the reaction mechanism may eventually lead to the opposite results, with the
predicted promotion or inhibition of the role of hydrogen [7]. In addition to the promoting and
inhibiting roles played by hydrogen, a neutral effect has been reported recently in the literature [8].
One important research finding is that there is a transition temperature, below which the presence of
hydrogen has an inhibiting effect on the catalytic oxidation of carbon monoxide over platinum [10,16].
This transition temperature is approximately 550 K, as reported recently by Zheng et al. [10,16],
where the mechanism responsible for this inhibiting effect has also been identified.

This paper addresses the issues related to the low-temperature catalytic oxidation of syngas
over platinum at high pressures under lean-burn conditions. This paper mainly focuses on
the temperature range from 500 to 770 K, which is relevant to the catalyst inlet temperature
encountered in catalytic combustion large gas turbine systems (catalyst inlet temperatures as low as
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620 K [48–50]) and recuperated micro-turbine systems (catalyst inlet temperatures 600–700 K [10,16]),
as well as the part-load and idling operation in gas turbine systems (catalyst inlet temperatures
500–600 K [10]). A two-dimensional numerical model with detailed chemistry and transport was
developed, and detailed modeling of the low-temperature catalytic oxidation system was performed.
The importance of mass-transfer limitations in the oxidation system was also examined. A detailed
description is made for the low-temperature catalytic oxidation process, based on the reaction
mechanism described in the literature [10,16]. The objective of this paper is to understand the
mechanism of the low-temperature catalytic oxidation of syngas for power generation applications.
Of special interest is to gain insight into the interplay between carbon monoxide and hydrogen during
their combined oxidation process at low temperatures.

2. Model Development

Computational fluid dynamics integrated with detailed kinetic models is an effective tool for
revealing the physical and chemical phenomena involved in the reaction process and subsequently
understanding the underlying mechanism [51,52]. In the following sections, a two-dimensional
computational fluid dynamics model with detailed chemistry and transport is developed in order to
accurately describe the low-temperature catalytic oxidation process of syngas over platinum.

2.1. Geometric Model

In terms of combustion systems, gas turbine manufacturers have been developing various designs.
Most of them are based on the so-called hybrid catalytic combustion concept [50,53]. A schematic
diagram of the catalytic reactor in a catalytic combustion gas turbine system is illustrated in Figure 1.
In this design, fuel and combustion air are premixed in an upstream section: then, only a fraction of
the fuel is oxidized in the catalytic section, while the remainder is burned downstream the catalyst
in gas-phase combustion mode [50,53]. The present work focuses on the low-temperature oxidation
reaction taking place in the catalytic reactor.
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Figure 1. Schematic diagram of the catalytic reactor in a catalytic combustion gas turbine system.
The catalytic reactor is the research object of this paper.

Specifically, the reaction system considered in this paper is the low-temperature oxidation
of syngas in catalytic plate microreactors. A single channel model is developed to describe the
low-temperature oxidation process occurring in the reactor. The single channel model, as usual,
assumes that it is representative of all of the channels, and that all channels of the reactor behave
essentially alike. A schematic diagram of the single-channel catalytic microreactor being considered is
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illustrated in Figure 2. In this design, the reactor consists of two parallel plates coated with a supported
platinum catalyst. The reactor is 6.0 mm long, the wall thickness is 0.2 mm, and the gap distance
between the two parallel plates is 0.8 mm. Plates at distances of an order of millimeters can minimize
heat and mass transfer resistances. Such an arrangement would be particularly advantageous for
chemical kinetics studies. The parallel plates are coated with a thin layer of washcoat containing a
supported platinum catalyst, and the washcoat thickness is 0.08 mm. Due to the aspect ratio, the reactor
is modeled as a two-dimensional system.
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Figure 2. Schematic diagram of the single-channel catalytic microreactor (not to scale for ease of
visualization). Symmetry allows the simulation of only half of the system.

The primary techniques for the catalytic combustion of syngas and some of the catalysts used
have been briefly reviewed by Mantzaras [13]. Both noble metal and metal oxide catalysts show
great promise for application in power generation systems, but the former is the best choice [13,28].
The catalyst considered here is platinum due to its well-studied kinetics. In particular, platinum still
has sufficient catalytic activity over the temperature range of practical interest.

The existence of mass-transfer limitation in catalytic reactors can hinder the determination of
intrinsic reaction kinetics. Upon catalyst light-off, it is often difficult to obtain isothermal conditions
due to the significant temperature gradients arising from the exothermicity of the oxidation reaction.
Nonetheless, high rates of heat and mass transfer are possible in microreactors, allowing the oxidation
reaction to be performed under nearly isothermal conditions, which will be discussed in detail later.
It is therefore possible to achieve a better transport performance in the system and thus to investigate
the intrinsic kinetics of the highly exothermic reaction. Additionally, a simpler, small-scale system can
not only greatly eliminate the heat and mass transfer resistances, which is necessary to understand the
reaction mechanism underlying the combined oxidation process, but also provide valuable insights
into how its pathways can be optimized [54–58]. Furthermore, it can also enable easy integration with
other energy harvesting devices, with fewer heat transfer boundary layers being involved.

2.2. Mathematical Model

The following assumptions are made: ideal gas behavior is assumed, a steady state operation is
considered for the reactor, the pressure drop along the flow channel is negligible, radiative heat transfer
in the gas phase is negligible in comparison with that between the parallel surfaces, and the flow is
laminar given that the Reynolds number is less than 280. Under these assumptions, the governing
equations are solved by using commercial computational fluid dynamics software ANSYS Fluent®
(Release 16.0, ANSYS Inc., Canonsburg, PA, USA) [59]. In addition, detailed reaction mechanisms
and transport are included in the numerical model in order to provide an accurate description of
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the low-temperature catalytic oxidation process. The steady-state continuity, momentum, energy,
and species equations in the fluid phase are summarized as follows:
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where the species diffusion velocity, Vk,x and Vk,y, are given by

→
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The ideal gas law and the caloric equation of state are used respectively

p =
ρRT
W

and hk = ho
k(To) +

∫ T

To
cp,kdT (7)

The coverage equation of the species on the surface of the catalyst is given by

σm

.
sm

Γ
= 0, m = Kg + 1, . . . , Kg + Ks. (8)

The energy equation in the wall is given by

∂

∂x

(
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∂T
∂x

)
+

∂

∂y

(
λs

∂T
∂y

)
= 0. (9)

In this study, nearly isothermal wall conditions are considered in an attempt to decouple kinetic
effects from thermal effects. This is achieved by assuming a highly conductive material with a wall
thermal conductivity of 80 W/(m·K). Under these conditions, numerical simulations are subsequently
carried out to focus on the kinetic effects rather than the thermal effects.

The boundary condition for the gaseous species at the fluid-washcoat interface is given by(
ρYkVk,y

)
inter f ace

+ ηFcat/geoWk
( .
sk
)

inter f ace = 0, k = 1, . . . , Kg. (10)

where Fcat/geo is the catalyst/geometric surface area [60].
In order to accurately describe the diffusional limitation in the catalyst washcoat, the model is

simplified by using the concept of effectiveness factor, defined as

η =

.
si,e f f

.
si

=
tanh(Φ)

Φ
(11)
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where Φ is the Thiele modulus, defined as

Φ = δcatalyst

( .
siγ

Di,e f f Ci,inter f ace

)0.5

. (12)

The effective diffusion coefficient can be expressed as

1
Di,e f f

=
τp

εp

(
1

Di,molecular
+

1
Di,Knudsen

)
. (13)

A parallel pore model is employed to describe the porous structure of the catalyst washcoat.
In the present work, a mean pore diameter of 20 nm, together with a porosity of 0.5 and a tortuosity
factor of 3, are considered. The Knudsen diffusion coefficient is given by

Di,Knudsen =
dpore

3

√
8RT
πWi

. (14)

The boundary condition of the energy equation at the fluid-washcoat interface is given by

.
qrad − λg

(
∂T
∂y

)
inter f ace−

+ λs

(
∂T
∂y

)
inter f ace+

+
Kg

∑
k=1

( .
skhkWk

)
inter f ace = 0. (15)

Despite the low wall temperatures examined in this paper, the effect of the radiative heat transfer
between the parallel surfaces is included in the numerical model. The net radiation method for
diffuse-gray areas is employed to obtain expressions for the radiative heat transfer between the parallel
surfaces. The emissivity of each element of the surfaces is assumed to be 0.8 [61].

Heat losses from the outer edge of the wall to the surroundings are accounted for:

q = ho(Tw,o − Tamb) + εs−∞Fs−∞σ
(

T4
w,o − T4

amb

)
. (16)

The external heat loss coefficient, ho, is assumed to be 20 W/(m2·K) [61].

2.3. Chemical Kinetics

The oxidation reaction can take place both on the surface of the catalyst and in the gas phase.
To better understand the mechanism of the low-temperature catalytic oxidation reaction at the
molecular level, it is important to model simultaneously the surface and gas-phase chemistry.
Furthermore, heat and mass transfer effects must also be incorporated into the numerical model
to accurately predict the operation of the reactor [62].

A detailed chemical kinetic mechanism has been developed by Zheng et al. [10,16] to accurately
describe the catalytic oxidation process of syngas over platinum. The kinetic mechanism is used in
this paper, and the development process is briefly described as follows. The oxidation reaction
on the surface of the catalyst is preliminarily modeled by using the mechanism developed by
Deutschmann et al. [63]. The mechanism accounts for the adsorbed species on the surface of the
catalyst, as well as the reaction intermediates formed during the oxidation reaction, and it has been
presented in a format compatible to CHEMKIN codes. Twenty-four elementary reactions, eleven
species on the surface of the catalyst, and seven species in the gas phase are considered in this
mechanism. The mechanism has been extensively validated, making the predictions very reliable.
Methane-involved elementary reactions are not considered in the surface chemistry, since they are
irrelevant to the topic of this paper. This mechanism is augmented with the additional mechanistic
steps involving the adsorbed intermediate formate (HCOO*), which are taken from Koop and
Deutschmann [64]. The resulting surface reaction mechanism consists of nine species on the surface of
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the catalyst and eight species in the gas phase involved in twenty-seven elementary reactions, which
will be discussed in detail later in this paper. The final chemical kinetic mechanism is relatively simple
and the kinetic stiffness problem is not especially severe.

The oxidation reaction in the gas phase is modeled by using the homogeneous mechanism
developed by Li et al. [65], consisting of thirteen species involved in thirty-six reversible elementary
reactions. The hydrogen-oxygen chemistry part in this mechanism has been updated on the basis of
the latest experimental data available in the literature [66]. The gas-phase chemistry included in the
model deserves special attention, which will also be discussed in detail later.

Homogeneous and heterogeneous reaction rates are handled by CHEMKIN [67] and
Surface-CHEMKIN [68] subroutines, respectively, while the transport properties for multicomponent
gas mixtures are treated by using the CHEMKIN transport database [69].

2.4. Computation Scheme

The reactor is discretized using a structured mesh. The mesh is composed of rectangular elements,
with finer node spacing in the washcoat region than that at the centerline. In order to achieve a
sufficient accuracy and to limit the computer time requirements, meshes with different nodal densities
are examined and the optimal node density and spacing are determined. Unless otherwise stated,
all the solutions presented in the present work are achieved using a mesh consisting of 20,000 nodes.
A mesh independence test is also performed. Figure 3 shows the transverse profiles of carbon monoxide
and hydrogen mole fractions for some of the meshes used. As the mesh density increases, there is a
convergence of the solution. The coarsest mesh, consisting of 1250 nodes in total, fails to accurately
capture the carbon monoxide concentration in the vicinity of the catalytic surface. Solutions obtained
with meshes consisting of tens of thousands of nodes are reasonably accurate. Larger mesh densities,
up to 80,000 nodes in total, offer no obvious advantage.
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average properties of all the species in the gas phase. The conservation equations are solved using a 
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stiffness of the chemistry, convergence of the solution is usually difficult. Figure 4 shows the values 
of the residuals of the conservation equations after each iteration. The convergence criterion is 
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Figure 3. Example of the transverse profiles of carbon monoxide and hydrogen mole fractions for
meshes with different nodal densities. The parameters used are ϕ = 0.167, βH2 = 4.0%, βCO = 6.0%,
βO2 = 30.0%, βN2 = 60.0%, Tin = 300 K, uin = 2.0 m/s, and pin = 0.6 MPa.

At the centerline between the two plates, a symmetry boundary condition is applied. At the
fluid-washcoat interface, the no-slip boundary condition is applied. The temperature dependence
of physical properties of the species in the mixture is accounted for. The mixture properties such as
thermal conductivity, viscosity, and specific heat are obtained from the local mass-fraction-weighted
average properties of all the species in the gas phase. The conservation equations are solved using
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a segregated solver with an under-relaxation factor control method. The solution is deemed to be
converged as the residuals of the conservation equations are less than 10−6. Due to the inherent
stiffness of the chemistry, convergence of the solution is usually difficult. Figure 4 shows the values of
the residuals of the conservation equations after each iteration. The convergence criterion is satisfied
after approximately 700 iterations.Energies 2018, 11, x FOR PEER REVIEW  8 of 23 
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3. Results and Discussion

3.1. Surface Reaction Mechanism

Both reactor design and process optimization require an accurate knowledge of the chemistry
during the low-temperature catalytic oxidation process of syngas. However, the chemistry is
inherently complex and critically depends on the carbon monoxide oxidation, the hydrogen oxidation,
and coupling reactions between them [70,71]. It is therefore necessary to develop a mechanism that can
simultaneously describe all of these processes in order to accurately capture the underlying chemical
kinetics. The detailed reaction mechanism described below is developed by Zheng et al. [10,16].
Discussions about the mechanism development process are worthy. More details about the mechanism
involved in the catalytic oxidation process of syngas over platinum can be found in the original
works [10,16]. The areas where changes to the mechanism of the reaction are made based on the kinetic
data available from the literature are described below.

Both adsorption-desorption of carbon monoxide and oxidation of the adsorbed carbon monoxide
are the primary factors that affect the chemistry during the low-temperature catalytic oxidation of
carbon monoxide over platinum [16]. Consequently, newly kinetic data available from the literature
are incorporated into the surface reaction mechanism. Specifically, kinetic parameters for these
important reaction steps (R8, R15, and R21 shown in Table 1) in the low-temperature catalytic
oxidation process, as well as the oxidation reaction of the adsorbed atomic hydrogen with the adsorbed
atomic oxygen (R9) and its reverse reaction (R10), are firstly updated in the mechanism developed by
Deutschmann et al. [63], on the basis of the latest literature data obtained from Salomons et al. [36],
as well as Koop and Deutschmann [64].

On the other hand, it has been found that the COOH* chemistry is crucial and needs to be
accounted for [6]. Consequently, additional mechanistic steps involving the adsorbed formate
(HCOO*) [64] are added to the basic mechanism to treat the intermediate product and subsequent
reactions. Note that such minor modifications are necessary, as discussed in detail in the previous works
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of Zheng et al. [10,16]. The updated mechanism of the low-temperature catalytic oxidation reaction
is listed in Table 1. The additional mechanistic steps (R15–R22) involving the adsorbed intermediate
formate are taken from the previous work of Koop and Deutschmann [64]. The resulting mechanism
consists of nine species on the surface of the catalyst and eight species in the gas phase involved in
twenty-seven elementary reactions. Please refer to the original works of Zheng et al. [10,16] for further
information about the development of the kinetic mechanism for the syngas catalytic oxidation process,
and the interaction between carbon monoxide and hydrogen oxidation over platinum occurring at
low temperatures.

It is important to acknowledge the major limitations in the mechanism of the low-temperature
catalytic oxidation reaction. Coking kinetics are not significant over platinum [72], and thus are not
included in the mechanism. This chemistry, however, may be important for other catalysts, especially
at low temperatures. Additionally, the mechanism does not take into account all the possible species
and reaction steps in the system. Despite the limitations outlined above, this mechanism can be used
to understand the combined oxidation reaction, with which reactor design and process optimization
could be carried out.

Table 1. Updated surface reaction mechanism for the low-temperature catalytic oxidation of hydrogen
and carbon monoxide over platinum.

Reactions sc A n Ea References

Adsorption
R1 H2 + 2*⇒ 2H* 0.046 [63]
R2 H + *⇒ H* 1.00 [63]
R3 O2 + 2*⇒ 2O* 1.80 × 10+21 −0.5 0 [63]
R4 O2 + 2*⇒ 2O* 0.023 [63]
R5 O + *⇒ O* 1.00 [63]
R6 H2O + *⇒ H2O* 0.75 [63]
R7 OH + *⇒ OH* 1.00 [63]
R8 CO + *⇒ CO* 0.84 [36,63,64]

Surface reactions
R9 H* + O*⇒ OH* + * 3.70 × 1020 0 70.50 [36,63,64]

R10 OH* + *⇒ H* + O* 1.00 × 1020 0 130.69 [36,63,64]
R11 H* + OH*⇔ H2O* + * 3.70 × 10+21 0 17.4 [63]
R12 OH* + OH*⇔ H2O* + O* 3.70 × 10+21 0 48.2 [63]
R13 C* + O*⇒ CO* + * 3.70 × 10+21 0 62.8 [63]
R14 CO* + *⇒ C* + O* 1.00 × 10+18 0 184.0 [63]
R15 CO* + O*⇒ CO2* + * 3.70 × 1020 0 108.00–33.00ΘCO* [36,64]
R16 CO* + OH*⇒ HCOO* + * 3.70 × 1021 0 94.20 [64]
R17 HCOO* + *⇒ OH* + CO* 1.33 × 1021 0 0.87 [64]
R18 HCOO* + O*⇒ OH* + CO2* 3.70 × 1021 0 0 [64]
R19 OH* + CO2*⇒ HCOO* + O* 2.79 × 1021 0 151.05 [64]
R20 HCOO* + *⇒ CO2* + H* 3.70 × 1021 0 0 [64]

Desorption
R21 CO*⇒ CO + * 2.13 × 1013 0 136.19–33.00ΘCO* [36,64]
R22 CO2* + H*⇒ HCOO* + * 2.79 × 1021 0 90.05 [64]
R23 2H(s)⇒ H2 + 2Pt(s) 3.70 × 10+21 0 67.4–6.0ΘH* [63]
R24 2O*⇒ O2 + 2* 3.70 × 10+21 0 213.2–60ΘO* [63]
R25 H2O*⇒ H2O + * 1.0 × 10+13 0 40.3 [63]
R26 OH*⇒ OH + * 1.0 × 10+13 0 192.8 [63]
R27 CO2*⇒ CO2 + * 1.00 × 10+13 0 20.5 [63]

The detailed reaction mechanism shown above is developed by Zheng et al. [10,16]. The basic
mechanism is taken from Deutschmann et al. [63], and the reaction steps (R8–R10, R15, and R21) are
updated with kinetic data obtained from Salomons et al. [36], as well as Koop and Deutschmann [64],
as reported in the previous works of Zheng et al. [10,16]. The asterisk (*) denotes an empty site or
an adsorbed species. The additional reaction steps (R15–R22) involving the adsorbed intermediate
formate (HCOO*) are taken from Koop and Deutschmann [64]. The reaction step R1 is given in terms
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of a sticking coefficient and is one order with respect to the empty site. The reaction step R8 is two
order with respect to the empty site. The units of pre-exponential factor A, which is an empirical
relationship between the temperature and rate coefficient, are given in terms of (mol, cm, s). The units
of activation energy Ea are in (kJ/mol). The density of sites, Γ, is assumed to be 2.7 × 10−9 mol/cm2.
Reaction steps R3 and R4 represent alternative competive pathways. The rate coefficient of the forward
reaction k can be expressed as follows:

k fk
= AkTβ′k exp

[
−Eak

RT

] Ks

∏
i=1

Θ
µik
i exp

[
εik Θi

RT

]
. (17)

3.2. Numerical Validation

The experimental data and numerical results reported in the literature [10] are utilized to verify
the numerical model implemented in this paper. A syngas-air mixture with a global equivalence ratio
of 0.13 is considered, corresponding to Case 2 of the experimental data reported by Zheng et al. [10].
The molar ratio of carbon monoxide to hydrogen at the inlet is 3.25, and the inlet pressure is 0.5 MPa.
The reactor consists of two parallel ceramic plates that are 300.0 mm long, 110.0 mm wide, 9.0 mm
thick, and a distance of 7.0 mm apart. The gas temperature at the inlet is 305 K. The temperatures
measured on the walls are taken as the boundary condition of the energy equation at the fluid-solid
interfaces. More details are available in the previous work of Zheng et al. [10]. The entire reactor
geometry is modeled here due to the lack of symmetry, and a uniform mesh consisting of 28,000 nodes
in total is used for this reactor dimension.

The transverse profiles of carbon monoxide and hydrogen mole fractions at different streamwise
positions predicted by the present work are compared to the experimental data and numerical results
in Figure 5. There is a slight difference in species mole fractions by a maximum of approximately 7.6%,
which is well within the range of measurement uncertainties. Overall, the numerical results of the
present work are in good agreement with the experimental data.
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Figure 5. Transverse profiles of carbon monoxide and hydrogen mole fractions at the streamwise
positions indicated, compared to the experimental data and numerical results reported in the
literature [10]. The top panel shows the temperature measurements and the fitted temperature profiles.
The bottom panel shows the numerical predictions of the present work, as well as the experimental
data and numerical results reported in the literature [10].
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3.3. Reactor Modeling

As mentioned earlier in this paper, the gas-phase chemistry is included in the numerical model by
using the mechanism proposed by Li et al. [65], improved by Burke et al. [66], in order to account for
the homogeneous reactions occurring in the oxidation system. Mass-transfer limitations in the reactor
are also accounted for. Computational fluid dynamics simulations are carried out for various cases
under the inlet conditions given in Table 2. The pressure is 0.6 MPa at the inlet. The fuel is syngas with
a varying hydrogen and carbon monoxide composition, and the global equivalence ratio is within the
range from 0.1 to 0.167. The concentration of oxygen is 30.0% by volume in the total mixture due to
oxygen enrichment.

Table 2. Inlet conditions that are used for computations.

Parameter Variable Case A Case B Case C Case D Case E

Equivalence ratio ϕ 0.167 0.150 0.133 0.117 0.1
Volume fraction of hydrogen βH2 (%) 4.0 3.0 2.0 1.0 0
Volume fraction of carbon monoxide βCO (%) 6.0 6.0 6.0 6.0 6.0
Volume fraction of oxygen βO2 (%) 30.0 30.0 30.0 30.0 30.0
Volume fraction of nitrogen βN2 (%) 60.0 61.0 62.0 63.0 64.0
Inlet temperature Tin (K) 300 300 300 300 300
Inlet velocity uin (m/s) 2.0 2.0 2.0 2.0 2.0
Inlet pressure pin (MPa) 0.6 0.6 0.6 0.6 0.6

Numerical simulations are performed using the updated oxidation mechanism described above
to determine the effect of homogeneous reactions occurring in the system. Preliminary simulations
indicate that the presence of homogeneous reactions has little effect on the reactor performance.
Homogeneous reactions are insignificant in the temperature range examined here, and the complete
results coincide with those obtained for the case where only heterogeneous chemistry is allowed.
The initiation of homogeneous reactions is impossible under the conditions studied here, and thus
the contribution from this pathway is negligible. The reactor is then modeled by taking only surface
chemistry into account.

Based on the model developed in this paper, it is possible to accurately predict the depletion of
hydrogen and carbon monoxide on the surface of the catalyst, and the formation of products along the
reactor, thus providing valuable information about the low-temperature catalytic oxidation process
and the kinetic interplay between carbon monoxide and hydrogen. The contour plot of the temperature
and hydrogen and water mole fractions for Case A is shown in Figure 6. Diffusion of the reactants
from the bulk fluid to the surface of the catalyst on which they are adsorbed can be seen. The oxidation
reaction of syngas takes place on the surface of the catalyst, after which the products formed desorb
from the surface, and then diffuse into the bulk fluid. Heat is generated by the oxidation reaction on
the surface of the catalyst, thus heating up both the wall and the fluid. The primary mechanism of
heat recirculation within the system is the conduction of the heat generated by the oxidation reaction
through the walls [13,73].

Despite the small scale involved in the oxidation system, significant gradients in the concentration
of the species in the gas phase, as well as the temperature of the fluid, can be found in the transverse
direction, as shown in Figure 6. Additionally, Figure 6 also shows that the diffusion of both heat and
mass cannot be ignored within the fluid in the streamwise direction. It is therefore necessary to use a
two-dimensional numerical model in order to provide an accurate description of the low-temperature
catalytic oxidation process. Despite the significant concentration and temperature gradients in the
fluid in the transverse direction, no significant gradient in temperature can be found within the walls in
all the cases examined here due to the high wall thermal conductivity used, making nearly isothermal
wall conditions possible. It is therefore possible to decouple the kinetic effects from thermal effects,
which is very important when investigating the intrinsic kinetics of the oxidation reaction within
the system.
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Figure 6. Contour plot of the temperature and hydrogen and water mole fractions for Case A shown
in Table 2.

The effect of varying the hydrogen concentrations on the low-temperature oxidation of carbon
monoxide over platinum is examined here. The typical profiles of species, temperature, and conversion
are presented in Figures 7 and 8. The transverse profiles of carbon monoxide and hydrogen
concentrations are shown in Figure 7 for Cases A–D, and the wall temperature and conversion profiles
are shown in Figure 8. These cases have the same amount of carbon monoxide, while decreasing the
hydrogen molar fraction from 4.0% in Case A to 1.0% in Case D, as shown in Table 2. Figure 7 shows that
the hydrogen concentration drops to almost zero in the vicinity of the catalytic surface. The bending of
species profiles in the near-surface region suggests that the low-temperature oxidation of hydrogen is
limited by mass transfer under the conditions studied here. In contrast, the low-temperature oxidation
of carbon monoxide over platinum is considered to be finite-rate chemistry, i.e., both kinetically and
transport controlled. The range of surface temperature from 500 to 770 K examined here is of particular
relevance to catalytic combustion gas turbine applications. Furthermore, the rates of mass transport
from the bulk fluid to the surface of the catalyst are almost similar in all the cases examined here.
Consequently, the hydrogen conversion is roughly the same, as confirmed by the profiles of hydrogen
conversion shown in Figure 8. In contrast, the conversion of carbon monoxide is determined by both
transport and kinetics during the combined oxidation process, since it changes from approximately
10.8% at the exit of the reactor in Case A to approximately 8.0% in Case D. This is due to the decreased
wall temperature from approximately 690–770 K in Case A to approximately 600–680 K in Case D
(as shown in Figure 8), and to the decreased amount of hydrogen in the feed. The latter is of particular
interest for the present investigation.
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Figure 7. Transverse profiles of carbon monoxide and hydrogen mole fractions for Cases A–D shown 
in Table 2 at the axial positions indicated. Hereafter, solid-lines and dashed-lines represent the results 
obtained from the improved mechanism herein and from the mechanism without any hydrogen-
involved reactions, respectively. 

3.4. Effect of Hydrogen Addition through a Direct Pathway 

In an attempt to examine the kinetic effect of the addition of hydrogen in the feed, numerical 
simulations are carried out in the case where molecular hydrogen acts purely as a chemically inert 
species. In this context, all the elementary reactions that are relevant to molecular hydrogen are 
removed. Numerical simulations are repeated for Cases A–D, and subsequently compare the results 
with those obtained from the full reaction mechanism, as shown in Figures 7 and 8. The results 
indicate that hydrogen has a promoting effect on the catalytic oxidation of carbon monoxide for all 
the cases studied here. The promoting effect becomes more pronounced as the hydrogen content 

Figure 7. Transverse profiles of carbon monoxide and hydrogen mole fractions for Cases A–D
shown in Table 2 at the axial positions indicated. Hereafter, solid-lines and dashed-lines represent
the results obtained from the improved mechanism herein and from the mechanism without any
hydrogen-involved reactions, respectively.

3.4. Effect of Hydrogen Addition through a Direct Pathway

In an attempt to examine the kinetic effect of the addition of hydrogen in the feed, numerical
simulations are carried out in the case where molecular hydrogen acts purely as a chemically inert
species. In this context, all the elementary reactions that are relevant to molecular hydrogen are
removed. Numerical simulations are repeated for Cases A–D, and subsequently compare the results
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with those obtained from the full reaction mechanism, as shown in Figures 7 and 8. The results
indicate that hydrogen has a promoting effect on the catalytic oxidation of carbon monoxide for all
the cases studied here. The promoting effect becomes more pronounced as the hydrogen content
increases. The kinetic effect of the addition of hydrogen in the feed probably arises from two different
chemical routes. One is the direct pathway via the elementary steps involving the adsorbed formate
species on the surface of catalyst, providing a feasible chemical route for the combined oxidation
process. This reaction pathway is analyzed by performing the numerical simulations after eliminating
all the elementary reactions that are relevant to the surface formate species. It is shown that there
is no difference between the results obtained from this reduced reaction mechanism and from the
full reaction mechanism. This direct pathway is of no great importance in the mechanism of the
low-temperature catalytic oxidation reaction of syngas. This is because there is an extremely low
branching ratio between the rate of formation of the intermediate formate on the surface of the catalyst
(R16 in Table 1) and that of oxidation of the adsorbed carbon monoxide with the adsorbed atomic
oxygen (R15 in Table 1). The two mechanistic steps have a similar reaction rate constant but, under the
conditions studied here, the concentration of the surface hydroxyl group is at least two orders of
magnitude lower than that of the adsorbed atomic oxygen.
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Figure 8. Wall temperature and conversion profiles for Cases A–D shown in Table 2. 
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3.5. Effect of Hydrogen Addition through an Indirect Pathway

To gain a better understanding of the underlying mechanism, the indirect pathway through
surface coverage is subsequently examined here since the contribution from the direct pathway via
the intermediate formate is minor, as discussed above. The rate of carbon monoxide consumption
depends strongly on the rate of adsorption of carbon monoxide from the bulk fluid onto the surface
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of the catalyst, and the latter is a function of the available empty site. Hereafter, the term “empty site”
refers to the unit of unoccupied surface, i.e., the active surface sites available for adsorption.

Numerical simulations are performed, and the results obtained indicate that hydrogen reactions
result in an increase in the number of active surface sites available for adsorption, which has a beneficial
effect on the low-temperature oxidation of carbon monoxide over platinum. The possible sequence of
mechanistic steps such as the adsorption, surface reactions, and desorption in the mechanism of the
oxidation reaction is analyzed as follows. The molecular hydrogen in the gas phase adsorbs on the
surface of the catalyst to produce the adsorbed atomic hydrogen (R1 in Table 1), followed by oxidation
with the adsorbed atomic oxygen to form the surface hydroxyl group (R9) and further mechanistic
steps to form the adsorbed molecular water (R11 and R12), which desorbs from the surface of the
catalyst into the gas phase and finally forms a gaseous water molecule (R25). This chemical route
heavily consumes the adsorbed atomic oxygen, and thus there are a large number of active surface
sites available for adsorption. To further understand the effect of the amount of hydrogen in the feed
on the low-temperature oxidation of carbon monoxide over platinum, a comparison of empty sites is
made between different concentrations of hydrogen in the feed. The results obtained for the fractional
coverage of empty sites are shown in Figure 9 for Cases A and D, since the highest and the lowest
surface temperatures are achieved for them, respectively. The fractional coverage of major surface
species is also shown in Figure 9 for both Cases. The fractional coverage of empty sites increases with
an increasing amount of hydrogen in the feed. A greater amount of hydrogen makes the empty sites
more available. Recent experiments have demonstrated that the catalyst temperature can also affect
the fractional coverage of empty sites, and lower temperatures render this effect more pronounced,
making the empty sites less available [10].
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3.6. Critical Temperature

The present work focuses on the temperature range from 500 to 770 K, which is relevant to the
catalyst inlet temperature encountered in catalytic combustion gas turbine systems [10]. The chemistry
during the catalytic oxidation of syngas in this temperature range is of particular interest to real
operating conditions encountered in catalytic combustion gas turbine systems [10]. In this situation,
hydrogen has a beneficial effect on the low-temperature oxidation of carbon monoxide over platinum,
as discussed earlier. This range of temperature is usually applied to partially light-off of carbon
monoxide, as well as to fully light-off of hydrogen. Note that the light-off temperature refers to
the temperature at which significant oxidation reactions occur [74]. These situations are usually
encountered in the normal operating mode in both catalytic combustion gas turbine and micro-turbine
systems, since the catalyst would attain the discharge temperature of the compressor as low as 600 K.
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It is important to note that a transition temperature of 550 K has been found by Zheng et al. [10,16],
below which the presence of hydrogen has an inhibiting effect on the catalytic oxidation of carbon
monoxide over platinum under the conditions set out therein. The mechanism responsible for this
inhibiting effect has also been identified [10,16].

In this section, the surfaces of the two parallel plates are assumed to be isothermal, and the wall
temperature is the controlled parameter. Computational fluid dynamics simulations are performed
for Cases A and D at different wall temperatures. The results obtained indicate that hydrogen has an
inhibiting effect on the oxidation reaction of carbon monoxide over platinum, but only at temperatures
below 520 K. An example to demonstrate this inhibiting effect is illustrated in Figure 10, which presents
a test result obtained from the profiles of carbon monoxide and hydrogen concentrations for Cases A
and D at a wall temperature of 500 K. The results obtained indicate that in the transverse direction,
there is no significant gradient in the concentration of the species in the vicinity of the catalytic surface.
Neither hydrogen nor carbon monoxide is light-off, leading to very low activity of the catalyst for
the combined oxidation reaction. Note that catalyst inlet temperatures below 520 K are relevant
to the part-load and idling operation in gas turbine systems [10]. A comparison is made between
the results obtained for Cases A and D at wall temperatures above 600 K, presented in Figure 7,
and at a wall temperature of 500 K, presented in Figure 10. There is a role transition of hydrogen from
promotion to inhibition. Note that the critical point, 520 K, is close to the light-off temperature for the
oxidation reaction of carbon monoxide over platinum under the conditions examined here [8,36,37,70].
To further understand the kinetic interplay between carbon monoxide and hydrogen during their
combined oxidation process, computational fluid dynamics simulations are performed for the case at
temperatures below 500 K. The results obtained indicate that the initiation of the oxidation reaction of
carbon monoxide over platinum is almost impossible at these low temperatures, irrespective of the
presence of hydrogen.
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Figure 10. Transverse profiles of carbon monoxide and hydrogen mole fractions for Cases A and D at 
a constant surface temperature of 500 K. 
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3.7. Effect of Mass Transfer

Although there is a significant reduction in the mass-transfer resistances under the present
conditions, the content of hydrogen in the vicinity of the catalytic surface is still very low, as shown
in Figure 6. There are two main types of potential mass-transfer limitation in the reactor. The first
type is the diffusional limitation in the catalyst washcoat in the presence of a fast oxidation reaction.
While the washcoat considered in the present work is very thin, diffusional limitation is significant
under the conditions studied here, which is consistent with the results obtained by Rodríguez and L.E.
Cadús [75] and Daele et al. [76]. The second type is the transverse diffusional limitation of reactants
from the bulk fluid to the external surface of the catalyst washcoat. Molecular diffusion is the main
mechanism of transverse mass transfer in the reactor, since the flow is laminar.

The effect of hydrogen addition on the low-temperature oxidation of carbon monoxide over
platinum becomes more important in the absence of mass-transfer limitations, as discussed below.
Numerical simulations are performed using a simplified low-dimensional model, a surface perfectly
stirred reactor, for a constant set of operating conditions and the reactant compositions shown in
Table 2. Both heat transfer phenomena and diffusion limitations are negligible for these computations,
and the surface perfectly stirred reactor is considered to be isothermal. The results obtained indicate
that the chemically inhibiting effect of hydrogen addition on the low-temperature oxidation of carbon
monoxide over platinum in the surface perfectly stirred reactor is demonstrated at higher temperatures
(540–560 K). This is because there is a competitive adsorption of oxygen and hydrogen on the surface
of the catalyst, i.e., the two components compete for the same active sites on the catalyst. There is a
large amount of hydrogen available in the vicinity of the catalytic surface, thus effectively competing
with oxygen for adsorption sites. This results in lower surface coverage of the adsorbed atomic
oxygen, which is the deficient surface species determining the oxidation process of the adsorbed
carbon monoxide.

3.8. Analysis of the Surface Reaction Mechanism

To gain a better understanding of the surface reaction mechanism, the degree of rate control,
as suggested by Campbell [77,78], for all the elementary steps in the mechanism, is computed in
the absence of mass-transfer limitations to identify the rate-determining step or rate-limiting steps.
The degree of rate control is computed in the presence and absence of hydrogen in the feed under
light-off conditions, respectively. The results obtained indicate that there are two rate-limiting steps in
the absence of hydrogen: the adsorption of oxygen on the surface of the catalyst, as well as the surface
oxidation reaction of the adsorbed carbon monoxide with the adsorbed atomic oxygen. In contrast,
the adsorbed atomic oxygen on the surface of the catalyst is consumed rapidly in the presence of
hydrogen by the additional intermediate formate pathway. Consequently, the adsorption of oxygen on
the surface of the catalyst becomes the rate-determining step.

To decouple kinetic effects from thermal effects as much as possible, the surfaces of the two
parallel plates are assumed to be isothermal, and the wall temperature is the controlled parameter.
Numerical simulations are performed in the absence of mass-transfer limitations under isothermal
surface conditions. In this context, the energy equation in the wall is not accounted for. The results
obtained for Cases D and E are summarized in Figure 11, where the fractional coverage of major
surface species is plotted as a function of wall temperature in the presence and absence of hydrogen in
the feed, respectively. The light-off temperature for the oxidation reaction of carbon monoxide over
platinum is plotted as a dashed vertical line for each of the Cases.
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Figure 11 shows that the most abundant surface species is the adsorbed carbon monoxide in
both cases. At the light-off temperature for the oxidation reaction of carbon monoxide over platinum,
a relatively high concentration of the adsorbed atomic oxygen is obtained in the absence of hydrogen.
This is due to the fact that the rate of the oxidation reaction of the adsorbed carbon monoxide with
the adsorbed atomic oxygen on the surface of the catalyst is relatively low and no parallel reaction
pathway exists under the conditions studied here. Conversely, the adsorbed atomic oxygen can be
removed rapidly from the surface of the catalyst through the additional intermediate formate pathway
in the presence of hydrogen. Consequently, the fractional coverage of the adsorbed atomic oxygen at
the light-off temperature is significantly decreased, compared with that in the absence of hydrogen.
While both the adsorbed atomic hydrogen and the surface hydroxyl group play an important role in
the reaction mechanism, their concentrations on the surface of the catalyst are very low at the light-off
temperature for the oxidation reaction of carbon monoxide over platinum. In spite of the very low
concentrations of these important species, the oxidation reaction of carbon monoxide over platinum
is promoted by the presence of a small amount of hydrogen in the feed, and the promoting effect is
caused by the chemical routes relevant to hydrogen reactions, as discussed earlier. The very low level
of the concentrations of these important species is caused by a surface chain reaction so that each of
the atomic hydrogen elements adsorbed on the surface of the catalyst can be regenerated during the
overall reaction of the propagation cycle, which is consistent with the experimental data reported in
the literature [79]. Such a mechanism of the surface chain reaction is quite unusual in heterogeneous
catalysis [80].

The activation energy barrier for the oxidation reaction of the adsorbed carbon monoxide with
the hydroxyl group on the surface of the catalyst is lower than that with the adsorbed atomic oxygen.
Consequently, hydrogen has a positive effect on the oxidation reaction of carbon monoxide over
platinum, and lower light-off temperatures can be found under the conditions studied here. As the
operating temperature is increased to a certain level, the direct oxidation of the adsorbed carbon
monoxide by the adsorbed atomic oxygen is the main reaction pathway.

4. Conclusions

Low-temperature catalytic oxidation of syngas on platinum was investigated numerically for
catalytic combustion gas turbine applications. A discussion about the detailed reaction mechanism
existing in the literature was made for this low-temperature catalytic oxidation process. In order to
provide guidance for the practical implementation of such design, the mechanism of this reaction was
improved based on the latest available literature data, and essential steps in the reaction mechanism
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were finally identified. A numerical model with detailed chemistry and transport was developed
that was capable of describing the low-temperature catalytic oxidation of carbon monoxide and
hydrogen simultaneously.

It has been shown that the presence of hydrogen can significantly affect the adsorption behavior
of the species on the surface of the catalyst at low temperatures. The hydrogen reaction routes are
significant for predicting the promoting or inhibiting role of hydrogen in the low-temperature catalytic
oxidation of carbon monoxide. The presence of hydrogen makes the active surface sites more available
for adsorption, thus promoting the catalytic oxidation of carbon monoxide at temperatures as low as
600 K. The coupling steps between hydrogen and carbon monoxide are unimportant. Interestingly,
the presence of hydrogen can inhibit the catalytic oxidation of carbon monoxide at temperatures
below 520 K due to the competitive adsorption of hydrogen and oxygen on the surface of the catalyst.
This critical temperature is relevant to the part-load and idling operation in gas turbine systems.

The results would be helpful to understand the mechanism of the catalytic oxidation of syngas,
which is vital to the design of syngas-fueled gas turbines, and the future development of integrated
gasification combined cycle technology. Given the potential utilization of hydrogen in promoting or
inhibiting the catalytic oxidation of carbon monoxide at low temperatures, the developed model could
hopefully assist in the understanding and design of these power generation technologies. Finally,
the identification of rate-determining step(s) could assist the improvement of catalysts.
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Nomenclature

A pre-exponential factor, (cm, mol, s), Table 1
Cinterface concentration at the interface, mol/m2, Equation (12)
cp heat capacity at constant pressure, J/(kg·K), Equation (7)
d distance between the two plates, m, Figure 2
dpore mean pore diameter of the catalyst, m, Equation (14)
Deff effective diffusion coefficient, m2/s, Equation (12), as defined by Equation (13)
Dm mixture-averaged diffusion coefficient, m2/s, Equation (6)
DT thermal diffusion coefficient, m2/s, Equation (6)
Ea activation energy, kJ/mol, Table 1
Fcat/geo catalyst/geometric surface area, m2/m2, Equation (10)
Fs-∞ view factor for solid-ambient, unity, Equation (16)
h specific enthalpy, J/kg, Equation (7)
ho external heat loss coefficient, W/(m2·K), Equation (16)
Kg number of the species in the gas phase, Equations (4) and (8)
Ks number of the species on the surface of the catalyst, Equations (4) and (8)
l reactor length, m, Figure 2
m total number of the species in the reaction system, Equation (8)
n temperature exponent, Table 1
p pressure, Pa, Equation (2) and Table 2
q heat flux, W/m2, Figure 2 and Equation (15)
R molar gas constant, J/(mol·K), Equation (7)
sc sticking coefficient, Table 1
.
si,e f f effectiveness rate of formation of the i-th species inside the washcoat, mol/(m2·s), Equation (11)
.
sm rate of formation of the m-th species on the surface of the catalyst, mol/(m2·s), Equation (8)
T absolute temperature, K, Equation (4) and Table 2
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Tamb, To ambient and reference temperature, K, Equations (16) and (7)
Tw,o temperature at the external surface of the wall, K, Equation (16)
u, v streamwise and transverse velocity component, m/s, Equation (1) and Table 2
V diffusion velocity, m/s, Equation (5)
→
V diffusion velocity vector, m/s, Equation (6)

W relative molecular mass, dimensionless, Equation (5)
W relative molecular mass of the gas mixture, dimensionless, Equation (6)
x, y streamwise and transverse coordinate, Figure 2 and Equation (1)
Y mass fraction, Equation (4)
* an empty site or an adsorbed species, Table 1
Greek variables
β volume fraction, %, Table 2
β′ temperature exponent, Equation (17)
Γ surface site density, mol/m2, Equation (8)
γ catalytically active surface area per washcoat volume, m2/m3, Equation (12)
δ thickness, m, Figure 2 and Equation (12)
ε emissivity, Equation (16)
εi coefficient for describing the rate coefficient on the surface coverage, Θi, of species i, Equation (17)
εp catalyst porosity, dimensionless, Equation (13)
η effectiveness factor, Equation (10), as defined by Equation (11)
Θi fractional coverage of the surface species i, i.e., surface coverage, Table 1
λ thermal conductivity, W/(m·K), Equation (4)
µ dynamic viscosity, kg/(m·s), Equation (2)
µi coefficient for describing the rate coefficient on the surface coverage, Θi, of species i, Equation (17)
ρ density, kg/m3, Equation (1)
σ Stefan-Boltzmann constant, W/(m2·K4), Equation (16)
σm site occupancy of the m-th surface species, Equation (8)
τp tortuosity factor, dimensionless, Equation (13)
ϕ equivalence ratio, Table 2
Φ Thiele modulus, dimensionless, Equation (11), as defined by Equation (12)
.

ωk rate of formation of the k-th species in the gas phase, mol/(m3·s), Equation (5)
Subscripts
g gas, Equation (4)
i species index, Equation (11)
in inlet, Table 2
k, m gaseous and surface species index, Equations (4) and (8)
s, w solid and wall, Equations (9) and (16)
x, y streamwise and transverse component, Equation (4)
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