
Open Access Journal

Journal of Power Technologies 98 (1) (2018) 161–169

journal homepage:papers.itc.pw.edu.pl

Effect of hydrogen addition on the catalytic combustion of fuel-lean carbon
monoxide-air mixtures over platinum for micro-scale power generation applications
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Abstract

The catalytic combustion of hydrogen and carbon monoxide over Pt/γ-Al2O3 catalyst was investigated numerically for
H2/CO/O2/N2 mixtures with overall lean equivalence ratios ϕ = 0.117 .. 0.167, H2:CO molar ratios 1:1.5 .. 1:6, a pres-
sure of 0.6 MPa, and a surface temperature range from 600 to 770 K relevant for micro-scale turbines and large gas turbine
based power generation systems. Simulations were carried out with a two-dimensional CFD (Computational Fluid Dynamics)
model in conjunction with detailed hetero-/homogeneous kinetic schemes and transports to explore the impact of hydrogen
addition on catalytic combustion of carbon monoxide. The detailed reaction mechanisms were constructed by implementing
recent updates to existing kinetic models. The simulation results indicated that the hydrogen addition kinetically promotes the
catalytic combustion of carbon monoxide at wall temperatures as low as 600 K, whereby the catalytic reactions of hydrogen
are fully lit-off and the conversion of carbon monoxide is mixed transport/kinetically controlled. Such a low temperature limit
is of great interest to idling and part-load operation in large gas turbines and to normal operation for recuperative micro-scale
turbine systems. Kinetic analysis demonstrated that the promoting impact of hydrogen addition on catalytic combustion of car-
bon monoxide is attributed to the indirect effect of hydrogen reactions on the surface species coverage, while direct coupling
steps between hydrogen and carbon monoxide are of relatively minor importance. The added hydrogen inhibits the catalytic
oxidation of carbon monoxide for wall temperatures below 520 K, which are well below the minimum inlet temperatures of
reactants in micro-scale turbine based power generation systems.
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1. Introduction

The push toward the miniaturization of electromechanical
devices and the resulting need for micro-scale power gen-
eration (milliwatts to watts) with long-life, low-weight devices
has led to the recent development of the field of micro-scale
combustion and power generation [1]. A miniaturized power-
generating device, even with a relatively inefficient conver-
sion of hydrocarbon fuels to power, would result in increased
lifetime and/or reduced weight of an electronic or mechan-
ical system that currently requires batteries for power [2].
Hydrocarbon fuels have energy densities much greater than
the best batteries. Therefore, taking advantage of the high
energy density of hydrocarbon fuels to generate power be-
comes an attractive technological alternative to batteries. To
address the growing demand for smaller scale and higher
energy density power sources, various combustion-based
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micro-scale power generators are being developed around
the world. In addition, the availability of efficient micro-scale
power generators will significantly enhance the functional-
ity of power MEMS (Micro-Electro-Mechanical Systems) for
many portable devices. Based on the high energy density of
hydrocarbon fuels, a scale-down approach of existing large
gas turbine for portable power sources has been conducted,
and several micro-scale turbines have been developed [3–8],
and sustainable combustion with high combustion efficiency
for hydrocarbon fuels has been achieved in these millimeter-
size gas turbines. Several micro-scale combustors have
also been developed, and have been applied to energize
thermoelectric systems to produce electrical power [9, 10].
Hydrogen-based micro-scale fuel cells have been success-
fully developed, and there is a need to develop reliable re-
formers (or direct-conversion fuel cells) for liquid hydrocar-
bons so that the fuel cells become competitive with batter-
ies [11, 12].

The micro-scale power-generation devices (such as
micro-scale turbines) addressed in the present work aim to
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generate power in the range of a few watts to milliwatts. This
is in contrast to micro-turbines, which generate power of the
order of kilowatts and are not “micro-scale” in the present
sense. Power generation in the few-watts range has multiple
applications, such as electronic devices (laptops, phones,
etc.), extended duration applications of current devices, and
miniaturized mechanical systems (small robots, rovers, air-
planes, etc.). The corresponding combustion devices are
of the order of millimeters in size [13]. Power generation
in the milliwatt range has its application primarily in micro-
electronic components (sensors, transmitters, etc.). These
micro-scale power-generation devices are constructed using
primarily MEMS approaches and techniques [14].

There has been interest recently in syngas—produced
through the gasification of coal or biomass which primarily
contains hydrogen, carbon monoxide, carbon dioxide, and
water—as an alternative fuel in power generation applica-
tions. Syngas is regarded as a promising alternative fuel of
natural gas, for use in gas turbines [15, 16] and solid ox-
ide fuel cells [17, 18]. The design of syngas-fueled turbines
and combustors requires good knowledge of the combustion
properties of syngas and hydrocarbon fuels [19–22]. In ad-
dition to large-scale power generation, syngas fuels are also
attractive for micro-scale portable power generation [23]. In
the presence of a catalyst, syngas can be produced from hy-
drocarbons in appropriate on-board microreformers [24–26].
Combustion in micro-scale power generations is typically
accomplished in channels with hydraulic diameters ranging
from less than one millimeter to a few millimeters [23]. The
main combustible components in syngas are hydrogen and
carbon monoxide, in addition to minimal amounts of methane
and other hydrocarbons. Syngas combustion involves com-
petitive oxidation reactions of hydrogen and carbon monox-
ide, which are very important for understanding other fuel
processing technologies, such as partial oxidation of natural
gas [27], water-gas shift [28], and preferential oxidation of
carbon monoxide in excess hydrogen for cleaning hydrogen
streams for fuel cell applications [29]. Moreover, the oxida-
tion mechanisms of carbon monoxide and hydrogen are of
fundamental importance as they are subsets of all hydrocar-
bon reaction mechanisms. It is well known that the oxidation
of carbon monoxide requires traces of hydrogen-containing
species. In the presence of a small amount of hydrogen or
water, OH radicals are formed leading to the oxidation of
carbon monoxide and to the production of H radicals, which
feed into the chain-branching mechanism [23]. Furthermore,
the application of combined hetero-/homogeneous combus-
tion to syngas fuels is an attractive option for renewable and
clean power generation, and can suppress most of the in-
trinsic flame instabilities appearing under non-catalytic (pure
homogeneous combustion) conditions.

Due to the interest in syngas combustion in micro-scale
turbines, recently there were numerous experimental and
numerical studies devoted to improving the understanding
of homogeneous kinetics of syngas fuels at elevated pres-
sures [30]. However, there is a lack of corresponding high-
pressure homogeneous and heterogeneous (catalytic) com-

bustion investigations for hydrogen and carbon monoxide or
syngas fuels in general. For syngas fuels, recent experi-
mental and numerical investigations of hydrogen and car-
bon monoxide hetero-/homogenous combustion over plat-
inum were performed at pressures of up to 5 and 15 bar to
discover the kinetic and thermal effects [31, 32]. In a wider
perspective, future utilization of syngas catalytic combustion
relies on the development of active and stable catalysts as
well as on the understanding of heterogeneous and homo-
geneous syngas kinetics under industrially-relevant operat-
ing conditions.

Note that all previous works referred to nearly isothermal
reactor conditions, acquired either by heavily diluting the re-
actants to achieve very low exothermicity [33, 34] or by us-
ing high-thermal-conductivity foam catalysts (in the absence
of large dilution) to rapidly equalize reactor temperature [30].
Given the highly sensitive impact of hydrogen addition on
carbon monoxide, computations that entirely remove the re-
quirement for reactor isothermicity, are highly desirable. In
addition, in contrast to the well-known self-inhibition of car-
bon monoxide oxidation over platinum, the effects of hydro-
gen addition on the catalytic oxidation of carbon monoxide
are still unclear. Hence, understanding the underlying het-
erogeneous hydrogen and carbon monoxide kinetics and
their interactions over noble metal catalysts is crucial for the
advancement of catalytic converters for emissions control
and of syngas catalytic combustors for power generation.

The present work undertakes a numerical investigation of
the catalytic combustion of syngas-air mixtures with various
hydrogen and carbon monoxide compositions. Numerical
predictions are carried out in typical catalytic combustor ge-
ometries at surface temperatures of 600 .. 770 K and pres-
sure of 0.6 MPa. Such temperatures are of great interest for
micro-scale turbine based power generation systems (inlet
temperatures 600 .. 700 K for normal operation in recupera-
tive micro-scale turbine systems [35, 36]) and for gas turbine
combustors in large-scale power generation systems (inlet
temperatures as low as 620 K at idling and part-load opera-
tion during synchronization with the network). Pt/γ-Al2O3 is
the chosen catalyst because of its well-studied kinetics and
its good reactivity for the oxidation of both hydrogen and car-
bon monoxide. Although metal oxides have been employed
as catalysts for syngas combustion, their activity at the high
pressures and narrow gaps encountered in power genera-
tion systems is not warranted. The main objectives of the
present work are to identify the underlying kinetic processes
which affect carbon monoxide oxidation in the presence of
hydrogen, over temperature ranges where carbon monoxide
oxidation is kinetically controlled.

It is within this context that the choice of fuels can be justi-
fied: while it is true that the syngas composition and relative
amount of the constituents can vary widely due to the vari-
ous types of feedstock used and also due to various meth-
ods of the gasification process, only hydrogen and carbon
monoxide are chosen as fuels iso as to enable the chemical
mechanisms responsible for the effect of hydrogen addition
on the carbon monoxide oxidation to be identified. Since the
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key purpose is to identify the underlying kinetic processes,
this provides a useful perspective. In addition, micro-scale,
simple geometries (such as micro-channels) are used in the-
oretical analysis and modeling mostly to focus on issues re-
lated to thermal behaviors and kinetic processes in particu-
lar in such configurations. Furthermore, simple geometrical
configurations can be modeled accurately for the purposes
of the detailed hetero-/homogeneous reaction mechanisms
that will be discussed in the chemical kinetics section.

2. Numerical models and simulation approach

2.1. Geometric model
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Figure 1: Schematic diagram of the catalytic channel-flow combustor.

A schematic diagram of the channel-flow combustor is il-
lustrated in Fig. 1. It consists of two catalytically active par-
allel plates coated with Pt/γ-Al2O3 catalyst. Computations
were performed for a steady laminar reactive flow in this cat-
alytic combustor, simulating the 60.0 mm × 8.0 mm channel
domain with the plate thickness δ = 2.0 mm, and resulting to
confinements (surface-to-volume ratios) typical to those en-
countered in commercial catalytic combustors [37, 38]. The
parallel plate geometry implies that the third dimension of
this catalytic combustor is much larger than the gap size.
Axial heat conduction in the solid is considered for a thermal
conductivity ks = 16.0 W/m K, corresponding to FeCr-alloy
metallic honeycomb structures [38].

Additional properties needed in this model are the spe-
cific heat capacity and density of the FeCr-alloy solid, cs =
700.0 J/kg K and ρs = 7220.0 kg/m3, respectively. The fuel is
syngas with varying hydrogen and carbon monoxide compo-
sition. The origin is fixed at the center of the inlet plane.
In this work, x depicts the axial or downstream distance,
and y represents the distance from the lower wall of two-
dimensional parallel plates, respectively. Simulations were
performed at 0.6 MPa with a range of CO/H2 molar ratios
and overall lean equivalence ratios 0.117 .. 0.167 (based on
total fuels) in 30% vol. oxygen balanced by nitrogen.

The present work focuses on the effects of hydrogen addi-
tion on catalytic combustion of carbon monoxide, with pres-
sure constant at 0.6 MPa. Nonetheless, 0.6 MPa is a suitable
pressure for micro-scale turbine concepts [35, 36, 39].

2.2. Mathematical model

The characteristic length of the combustion chamber and
the reacting gas flow path in catalytic channel-flow micro-
combustors is much larger than the molecular mean-free
path of the air and other gases flowing through the system.

Therefore, the fluid can be reasonably considered as con-
tinuous, and the Navier-Stokes equations are still applica-
ble to the present work. The following assumptions were
made: steady-state, gases follow the ideal gas law, the flow
is laminar, and the pressure drop is negligible. With these as-
sumptions, the governing equations were solved for a steady
laminar reactive flow in two-dimensional catalytic combus-
tors. CFD software, FLUENT® Release 6.3 [40] was used
to perform these calculations. The laminar-finite-rate model
was adopted to consider the interaction between flow and
combustion. The governing equations for steady, laminar
and reactive gas flow with hetero-/homogeneous reaction
are shown below:

Continuity equation:
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Energy equation:
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Species equation:
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where ρ, v, p, τ and T denote the density, velocity, pres-

sure, shear stress and temperature, respectively; hi is the
enthalpy of the ith species; kf is the thermal conductivity of
fluid; Yi, Ri and Dim denote the mass fraction, the genera-
tion or consumption rate, and the mass diffusivity of the ith
species.

Surface species coverage equations:

∂Θi

∂t
= σi

si

Γ

(
i = Ng + 1, . . .Ng + Ns

)
(7)

where Θi, σi, and Γ denote the coverage and the molar
production rate of the ith surface species, respectively. A
surface site density Γ = 2.72 × 10-9 mol/cm2 [38] is consid-
ered, simulating a polycrystalline Pt/γ-Al2O3 surface. Ng is
the number of gas phase species and Ns is the number of
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surface species. The left side of Eq. (7) is not a true tran-
sient term and was introduced only to facilitate convergence
to steady state [41–43].

Since heat transfer along the wall significantly affects
flame stability [44, 45], heat transfer along the wall was con-
sidered in this model. The appropriate energy equation for
the solid phase is given as follows:

∂ (ks∂T )
∂x2 +

∂ (ks∂T )
∂y2 = 0 (8)

where ks, W/m K, denotes the thermal conductivity of
a solid wall.

2.3. Chemical kinetics

Heterogeneous kinetics was described with a detailed
chemical reaction scheme from Deutschmann et al. [46]
for hydrogen and carbon monoxide over Pt/γ-Al2O3, consist-
ing of 24 reactions. This mechanism has reproduced cat-
alytic ignition and steady combustion characteristics of hy-
drogen, carbon monoxide and methane fuels as well as mix-
tures of them [47, 48]. Seven gas phase species (H2, CO,
H2O, CH4, O2, N2, CO2) are included in this mechanism, of
which nitrogen is a chemically inert species. Eleven surface
species (H(s), CO(s), C(s), O(s), OH(s), H2O(s), CO2(s),
CH(s), CH2(s), CH3(s), Pt(s)) describe the coverage of the
surface with adsorbed species. Methane reactions were not
included as they were not relevant for the studied conditions.
In addition, this scheme is augmented with HCOO(s) reac-
tions of detailed surface reaction mechanism from Koop and
Deutschmann [49]. The resulting syngas heterogeneous re-
action mechanism consisted of 27 reactions among 8 sur-
face species has been validated in works of Ghermay et al.
[35, 50, 51] pure heterogeneous kinetic syngas studies. Fur-
thermore, the formulation in Dogwiler et al. [52] with a mod-
ified Motz-Wise correction was employed for the adsorption
rate constant kad,k of the kth gaseous species:

kad,k =

 γk

1 − γkθPt
2

 1
Γm

√
RT

2πWk
(9)

where γk and Wk are the sticking coefficient and molec-
ular weight of the k th gaseous species, respectively; θPt is
the Pt surface coverage; m is the sum of surface reactants’
stoichiometric coefficients; R is the ideal gas constant; and
T is the surface temperature.

The inclusion of gas-phase chemistry in catalytic com-
bustion systems deserves special attention. For homoge-
neous chemistry, the mechanism of Li et al. [53] and Burke
et al. [54] for hydrogen and carbon monoxide consisted of 36
reversible reactions involving 13 species was used with its
accompanying gas-phase thermodynamic data. Reactions
for carbon monoxide (R24-R36) were modeled with the ele-
mentary CO/HCO reaction subset in Li et al. [53] while hy-
drogen reactions (R1-R23) were taken from the latest H2/O2

kinetic model of Burke et al. [54]. This mechanism is only
for the higher wall temperature cases, to verify the insignif-
icance of gas-phase chemistry. This mechanism has been

validated against flow reactor, shock tube, and laminar flame
speed measurements at pressures of up to 87 bar.

Gas-phase and surface reaction rates were evaluated with
CHEMKIN [55] and Surface-CHEMKIN [56], respectively.
Mixture-average diffusion, including thermal diffusion for the
light species, was used in conjunction with the CHEMKIN
transport database [57].

2.4. Computation scheme
The boundary conditions used in this model are as follows.

Uniform profiles for the axial velocity, the species concen-
trations and the temperature were specified at the inlet. At
the exit, the pressure was specified and the remaining vari-
ables were calculated assuming far-field conditions, namely,
zero diffusive flux of species or energy normal to the exit. A
symmetry boundary condition was employed at the center-
line between the two parallel plates. No slip was considered
for either of the velocity components at the gas-wall interface;
the heat flux at this gas-wall interface was calculated using
Fourier’s law along with continuity in temperature and heat
flux was ensured. The two-dimensional energy equation was
solved in the bulk of the wall. The radiation between the in-
ner surfaces of the wall was considered using the discrete
ordinates model [58]. The external surface of the wall, heat
losses to the surroundings were calculated through Eq. (9),
in which both natural convection and thermal radiation were
considered.

q = h
(
Tw,o − Tre f

)
+ εσ

(
T 4

w,o − T 4
re f

)
(10)

where q is the heat flux, h is the external heat transfer
coefficient, Tw,o is the temperature at the external surface, ε
is the emissivity of the solid surface, and σ is the Stephan-
Boltzmann constant (5.67 × 10-8 W/(m2 K4)).

For the energy and species equations, Danckwerts bound-
ary conditions were employed, i.e., the diffusive portions
were calculated implicitly, and the convective portions of
the equations were fixed. Non-uniform meshes were used
with more grids distributed in the reaction region near the
wall to provide sufficient grid resolution in the computa-
tional domain. Grid independence was examined and
the final grid density was determined when the center-
line profiles of temperature and species concentration did
not show any obvious difference. The conservation equa-
tions were solved implicitly with the two-dimensional steady-
state double-precision segregated solver using the under-
relaxation method. The momentum, species, and energy
equations were discretized using the second-order upwind
scheme. The “SIMPLE” algorithm was used to couple the
pressure and velocity. The fluid density was calculated using
the ideal gas law. The fluid viscosity, thermal conductivity,
and specific heat were calculated using the mass fraction
weighted average of species properties. The species spe-
cific heat was calculated using the piecewise polynomial fit
of temperature. The convergence of CFD simulation was
judged based on the residuals of all governing equations.
The simulation results were achieved with residuals smaller
than 1.0 × 10-6.
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3. Results and discussion

Table 1: Updated reactions for catalytic combustion of hydrogen and carbon
monoxide over Pt/γ-Al2O3 catalyst, only updated reactions are shown

Reactions
γ (A ) n Ea

Adsorption and desorption reactions

R1* CO + Pt(s) → CO(s) 8
4 × 10-2 0 0 0.0

R2* CO(s) → CO + Pt(s) 2
13 × 1013 0 0 136,190-33,000θCO(s)

Surface reactions

R3* CO(s) + O(s) → CO2(s) + Pt(s) 3
70 × 1020 0 0 108,000-33,000θCO(s)

R4* H(s) + O(s) → OH(s) + Pt(s) 3
70 × 1020 0 0 70,500

R5* OH(s) + Pt(s) → H(s) + O(s) 1
00 × 1020 0 0 130,690

R6 OH(s) + CO(s) → HCOO(s) + Pt(s) 3
70 × 1021 0 0 94,200

R7 HCOO(s) + Pt(s) → OH(s) + CO(s) 1
33 × 1021 0 0 870

R8 HCOO(s) + O(s) → OH(s) + CO2(s) 3
70 × 1021 0 0 0.0

R9 OH(s) + CO2(s) → HCOO(s) + O(s) 2
79 × 1021 0 0 151,050

R10 HCOO(s) + Pt(s) → CO2(s) + H(s) 3
70 × 1021 0 0 0.0

R11 CO2(s) + H(s) → HCOO(s) + Pt(s) 2
79 × 1021 0 0 90,050

* Reactions are updated with kinetic data from Koop and Deutschmann [49]. R6-R11
are added HCOO reactions from Koop and Deutschmann [49]. R1 is given in terms of
a sticking coefficient (γ) and is second order with respect to Pt(s). Units: γ; A, cm, s, K;
Ea, J/mol; coverage θ. Surface site density Γ = 2.7 × 10-9 mol/cm2.

Table 2: Simulation conditions
Case ϕ H2, %vol. CO, %vol. Tin, K uin , m/s

A 0.167 4.0 6.0 300 2.0
B 0.150 3.0 6.0 300 2.0
C 0.133 2.0 6.0 300 2.0
D 0.117 1.0 6.0 300 2.0

Equivalence ratio: ϕ; inlet temperature: Tin; inlet velocity: uin ; oxygen is 30% vol. with
balance nitrogen.

Based on sensitivity and rate of production analyses,
CO(s) oxidation and carbon monoxide adsorption/desorption
reactions are essential components of the whole reac-
tion scheme for carbon monoxide over platinum and they
largely determined the kinetic model performance [20].
Therefore, kinetic parameters for the above key reactions
and H(s) oxidation reaction were firstly updated in the
scheme of Deutschmann et al. [46] according to recent
literature data of Mhadeshwar et al. [29], and Koop and
Deutschmann [49], then additional reactions involving the
intermediate HCOO(s) [49] were added. The updated re-
actions for catalytic combustion of hydrogen and carbon
monoxide over Pt/γ-Al2O3 catalyst are shown in Table 1 (only
updated reactions are shown). Simulations were performed
at 0.6 MPa with a range of CO/H2 molar ratios and overall
lean equivalence ratios 0.117-0.167 (based on total fuels) in
30% vol. oxygen balanced by nitrogen. Simulation condi-
tions are shown in Table 2.

Fig. 2 shows the temperature contour for Case A. The re-
action starts at the catalytic walls and a slow temperature
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Figure 3: Transverse mole fraction profiles of carbon monoxide (red-lines)
and hydrogen (blue-lines) for Cases A-D at three axial positions. Solid-
lines and dashed-lines for carbon monoxide mole fractions are predictions
of the kinetic model proposed herein and of the model without any hydrogen-
involved reactions, respectively.

Figure 4: Hydrogen and carbon monoxide conversions and wall temperature
profiles for Cases A-D. Red lines: wall temperature; green lines: hydrogen
conversion from the kinetic scheme proposed herein; blue lines: carbon
monoxide conversion from the full kinetic scheme, blue dotted-lines: carbon
monoxide conversion from the kinetic scheme without hydrogen reactions.
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rise is observed due to the exothermicity of the very lean
fuel reaction. The wall acts as a net heat source due to
axial recirculation, via wall conduction of the heat released
by surface reaction. Simulated transverse profiles of hydro-
gen and carbon monoxide mole fractions are presented in
Fig. 3 for Cases A-D. These cases have approximately the
same carbon monoxide molar fraction (6% as shown in Ta-
ble 2) and a hydrogen molar fraction dropping from 4.0%
in Case A to 1.0% in Case D. The near-wall bending of
species profiles represents that the hydrogen conversion is
transport limited under the present temperatures, as demon-
strated by the practically zero hydrogen concentration at both
catalytic walls, while the carbon monoxide conversion ex-
hibited finite-rate chemistry, i.e., mixed kinetically/transport-
controlled. The examined temperatures (600 .. 770 K) of
catalytic walls are of particular relevance to gas turbine com-
bustors in large-scale power systems, with the lower values
corresponding to inlet temperatures at idle operation dur-
ing synchronization with the network. Moreover, species
transport rates to catalytic walls are dictated by the flow
Reynolds number which is kept approximately constant in
all cases. Therefore, the hydrogen conversion is approxi-
mately the same, as also observed by the predicted profiles
of hydrogen conversion in Fig. 4. In contrast, carbon monox-
ide conversion reflects the combined effects of transport and
chemistry, and changes from approximately 10.8% in Case
A to approximately 8.0% in Case D at the axial distance x =
60.0 mm. This variation is attributed to the decrease in cat-
alytic wall temperatures from approximately 690 .. 770 K in
Case A to approximately 600-680 K in Case D (as shown in
Fig. 4), and to reduction of hydrogen content. The latter is of
particular interest in this work.

Simulations were performed with hydrogen treated as an
inert species by removing all hydrogen-relevant elementary
reactions to delineate the kinetic effect of hydrogen addition
on carbon monoxide, repeating the simulations for Cases A-
D. The computing results compared to those of the full hydro-
gen and carbon monoxide reaction scheme are also shown
in Fig. 3 and Fig. 4. It is evident that the presence of hy-
drogen promotes catalytic combustion of carbon monoxide
for all cases. This promotion results in the enhancement of
approximately 30 .. 44% local carbon monoxide conversion
as shown in Fig. 4, which leads to further increases with in-
creasing hydrogen content. Kinetic effects of hydrogen ad-
dition on carbon monoxide originated from two routes. One
is directly via reactions involving surface species HCOO(s),
as represented in Table 1. The formation and evolution of
HCOO(s) provides an additional reaction route for carbon
monoxide oxidation. The contribution from this direct cou-
pling is estimated by repeating computations after eliminat-
ing all HCOO(s)-relevant elementary reactions. In this case,
the results practically overlapped with those of the full hydro-
gen and carbon monoxide reaction scheme. The negligible
contribution from the aforementioned direct pathway is be-
cause of the ultra-low branching ratio of the HCOO(s) forma-
tion elementary reaction CO(s) + OH(s) as compared with
the oxidation elementary reaction CO(s) + O(s), as these

two steps have similar reaction rate constants but, under
the present conditions, OH(s) is several orders of magnitude
lower than O(s).

100 

20 40 
Axial distance x (mm) 

、•• 
y 

gd i
·
飞

4··· P 

100 

、
.
，F

Gmu ，

，
，
‘
飞

4t p 

9 
，..气

三
、--ω 
营 6
』
ω 
;;. 
。
ω 

~ 3 
但
~ 
』
国
响

。j

CaseD 

80 

60 

40 

20 

(
J
O
)
ω
ω
5
2
8
3
ε

』
国
∞

Axial distance x (mm) 

40 20 

·
·
·
』
A
H
V

9630 

(
J
O
)
ω
M
E
E

。
:
主
』

E

∞

CaseA 

80 

60 

40 

20 

(
J
O
)
ω
ω
5
2
8
8
a

吉
县

00 

00 

00 

00 

60 50 40 

Axial distance x (mm) 

(b) Case D 

30 20 10 60 50 40 

Axial distance x (mm) 

(a) Case A 

30 20 10 

Figure 5: Surface coverage of Pt(s) and major species from the updated
kinetic scheme for Cases A and D

The indirect way via surface species coverage is subse-
quently investigated due to the above direct coupling, but is
minor. The consumption rate of carbon monoxide is largely
dependent on the adsorption rate of carbon monoxide, which
is in turn controlled by free Pt(s) active site availability. Hy-
drogen reactions increases the free Pt(s) active site and then
promotes catalytic combustion of carbon monoxide. The re-
action sequence is elaborated as follows: dissociative hydro-
gen adsorption to produce H(s), followed by H(s) oxidation
reaction to OH(s) (R4 in Table 1) and further steps resulting
in H2O(s), which is finally desorbed to the gas phase. This
route heavily consumes O(s) and releases free Pt(s) active
site. The aforementioned analyses are supported by com-
paring variations of free Pt(s) active site. The computational
results of Pt(s) coverage ratio are shown in Fig. 5 for Cases
A and D, selected as they have the highest and the lowest
surface temperatures, respectively. The surface coverage of
major species for Cases A and D is also shown in Fig. 5.
The enhanced Pt(s) coverage is significant in the presence
of hydrogen reactions and varies with hydrogen composition.
Richer hydrogen compositions impose stronger increase in
Pt(s) coverage. Zheng et al. [31] demonstrated that wall tem-
peratures significantly affect Pt(s) coverage. Furthermore,
the lower temperatures renders this effect more pronounced,
resulting in the smaller Pt(s) coverage.

Relevant inlet temperatures for large-scale power gener-
ations and for micro-scale turbine based power generation
systems are in the range 600 .. 800 K. The lower temper-
ature range 600 .. 700 K is of main interest for part-load
and idling operation in large-scale gas turbines and for nor-
mal operation in recuperative micro-scale turbine systems.
Therefore, for surface temperatures 600 .. 770 K encom-
passing the lowest inlet temperatures in large-scale gas tur-
bines (idle operation) or the normal operating temperatures
in recuperated micro-scale turbine systems, the addition of
hydrogen to carbon monoxide promoted the catalytic com-
bustion of the latter. These temperatures referred to par-
tially light-off (mixed transport/kinetically controlled) carbon
monoxide conversion and to fully light-off hydrogen reac-
tions. This is actually expected to be the operational mode
(part-load, idling and normal operation) in catalytic reactors
of large gas turbines and micro-scale turbine systems, since
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Figure 6: Transverse mole fraction profiles of carbon monoxide (red-lines)
and hydrogen (blue-lines) for Cases A and D at constant surface tempera-
ture 500 K. Solid-lines and dashed-lines for carbon monoxide mole fractions
are predictions of the kinetic model proposed herein and of the model with-
out any hydrogen-involved reactions, respectively

the catalyst would attain the compressor discharge tempera-
ture (as low as 600 K) before fuel injection. Furthermore,
simulations of all cases in Table 2 but with imposed con-
stant wall temperatures 500 .. 600 K indicate that hydro-
gen addition started to inhibit the catalytic combustion of car-
bon monoxide only below 520 K. An example demonstrating
this inhibition behavior is illustrated in Fig. 6, providing mole
fraction profiles of hydrogen and carbon monoxide for Cases
A and D but at the wall temperature of 500 K; therein, nei-
ther hydrogen or carbon monoxide is light-off, leading to very
weak catalytic reactivity for both components as exhibited by
their diminishing transverse concentration gradients at both
catalytic walls. Operational temperatures below 520 K are
clearly well-below the minimum inlet temperatures in small
and large turbine-based power systems.

Another advantage of the adopted methodology is the use
of a channel-reactor at realistic inlet Reynolds numbers for
power generation systems, apart from the appropriate tem-
perature range. Under such conditions, the hydrogen com-
position just above the Pt/γ-Al2O3 catalyst is, for practical
power generation systems, very low because of transport
limitations as demonstrated in Fig. 3. On the contrary, earlier
isothermal reactor studies stated a complete lack of trans-
port limitations. However, the effect of hydrogen addition
on catalytic combustion of carbon monoxide is stronger in
the absence of transport limitations. Simulations were per-
formed using simplified low-dimensional models such as the
surface perfectly stirred reactor (SPSR) [59, 60] at constant
reactor temperatures 500 .. 700 K, surface-to-volume ratio
8 cm-1, reactant compositions as in Table 2 and residence
times of 8 .. 20 ms, relevant for power generation systems.
Results indicated that the inhibition effect of hydrogen addi-
tion in the surface perfectly stirred reactor is demonstrated at
higher temperatures of 540-560 K. This behavior is attributed
to the large amounts of hydrogen available at the catalyst
surface that competed with oxygen for adsorption, resulting
in lower surface coverage for O(s) which is the deficient sur-
face species controlling the oxidation rates.

4. Conclusion

The catalytic combustion of hydrogen and carbon monox-
ide over Pt/γ-Al2O3 catalyst was investigated numerically
with a focus on surface temperatures 600 .. 770 K (a range
of particular interest to idling and part-load operating con-
ditions in either large-scale or small-scale power genera-
tion systems ), fuel-lean total equivalence ratios 0.117 ..
0.167, H2:CO molar ratios 1:1.5 .. 1:6, and pressure of
0.6 MPa. Necessary updates were made to an existing ki-
netic scheme. In order to explore the impact of hydrogen
addition on catalytic combustion of carbon monoxide, simu-
lations were carried out with a two-dimensional CFD model
in conjunction with elementary heterogeneous and homoge-
neous chemical reaction schemes, heat conduction in the
solid wall, surface radiation heat transfer, and external heat
losses. The following are the key conclusions of this study.

Hydrogen addition promoted the post-ignition stages of
carbon monoxide oxidation at temperatures as low as 600 K,
ranges pertaining to standard operational temperatures in re-
cuperative micro-scale turbine systems or to idle operation in
large gas turbine based power generation systems. This be-
havior is attributed to the hydrogen reaction routes, which
effectively replenish deficient free Pt(s) active site, while the
impact of direct coupling reactions between hydrogen and
carbon monoxide via the intermediate HCOO(s) is negligible.
Additional computations at lower temperatures referring to
pre-ignition stages for both hydrogen and carbon monoxide
were carried out, indicating that hydrogen addition inhibits
catalytic oxidation of carbon monoxide. This behavior is at-
tributed to the excess hydrogen available just above the Pt/γ-
Al2O3 catalyst at the pre-ignition stages, which inhibits oxy-
gen adsorption and consequently decreases the O(s) sur-
face coverage that in turn controls the rate of CO(s) oxida-
tion. Finally, the present study mainly focused on the effects
of temperature on hydrogen-carbon monoxide interactions,
while the pressure was constant at 0.6 MPa. Nonetheless, it
is a suitable pressure for micro-scale turbine concepts; more-
over, the higher pressures in large gas turbine based power
generation systems might not significantly alter the findings
with respect to hydrogen-carbon monoxide interactions be-
cause the oxidation of both hydrogen and carbon monoxide
accelerates nearly proportionally with pressure.
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