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a b s t r a c t 

Coupled reduced mechanisms were developed for the hetero-/homogeneous combustion of fuel-lean and 

fuel-rich H 2 /CO/O 2 /N 2 mixtures in a Pt-coated planar channel, using a method based on the Directed 

Relation Graph (DRG) and for a wide range of operating conditions for which detailed measurements 

are available. It is demonstrated that catalytic and gas-phase reaction mechanisms can be reduced to- 

gether for all the fuel-lean cases. On the other hand, when joint reduction is performed for low-pressure 

fuel-rich cases (using a strict threshold value to capture the relatively weak, yet still important coupling 

between the catalytic and gas-phase reaction pathways) the result is a less efficient reduction process. For 

the high-pressure fuel-rich cases the catalytic-gaseous chemical coupling is weak enough to be neglected 

such that the reduction can be conducted separately for higher reduction efficiency. The reduced mech- 

anisms reproduced well the major gaseous species concentrations, gas temperatures and homogeneous 

ignition distances obtained with the detailed mechanisms, thus demonstrating the capacity of the applied 

method in reducing catalytic/gas-phase reaction mechanisms. In addition, it is shown that for fuel-lean 

stoichiometries the reduction could provide a rapid indication if gas-phase combustion is ignited, without 

the need of full simulations. The reduced mechanisms are expected to facilitate large-scale simulations, 

with fidelity, for the design and thermal management of practical catalytic combustion systems. 

© 2019 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Catalytic processes in turbulent flows are of relevance in gas

urbines of power generation systems [1 , 2] , automotive exhaust

as converters [3] , and reactors for the synthesis of high-value

hemicals from hydrocarbon feedstocks [4] . In gas turbines, the

igh inlet Reynolds numbers (up to ~20,0 0 0 based on the indi-

idual catalytic channel hydraulic diameter [5] ) warrant turbulent

ows. On the other hand, transition to turbulence by means of

eometrical modifiers enhances transport and can increase the

utomotive catalytic converter efficiency by up to ~30% [6 , 7] .

urthermore, catalytic fuel processing typically proceeds first via

uel reforming to syngas and then by the Fisher–Tropsch (F–T)

ynthesis of the desired chemical; the trend nowadays is to carry

ut the entire process at high pressures (up to 50 bar) dictated by

he downstream F–T, and such elevated pressures typically lead to

urbulent flows. 
∗ Corresponding author. 
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Turbulent flows in catalytic combustion systems hinder the in-

lusion of detailed chemistry in large-scale numerical investiga-

ions due to the excessive computational costs. For this reason,

revious 3-D large eddy simulations (LES) [8 , 9] and direct nu-

erical simulations (DNS) [10 , 11] have mainly adopted one-step

atalytic reaction mechanisms without gas-phase chemistry. Only

ery recently, detailed catalytic and gas-phase chemistries have

een applied in a 3-D DNS study of H 2 /air combustion in a Pt-

oated planar channel [12] , at inlet Reynolds numbers (based on

he 5 mm channel height) up to 12,360. Recognizing the need to be

omputationally feasible while still chemically comprehensive to

ccount for the simultaneous and coupled homogeneous gas-phase

nd heterogeneous catalytic processes, it is imperative to develop

educed catalytic and gas-phase reaction mechanisms for hydro-

arbon fuels for the large-scale simulations of turbulent, catalytic

ombustion systems. 

In terms of prior contributions involving hetero-/homogeneous

eactions and effort s towards their reduction, it is noted that

he catalytic and gas-phase ignition temperatures of H 2 /air mix-

ures over platinum were investigated numerically by Bui et al.

13] using reduced catalytic reaction mechanisms, which were

eveloped based on the steady-state assumption for dominant
. 

https://doi.org/10.1016/j.combustflame.2019.12.020
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2019.12.020&domain=pdf
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surface species and reaction path analysis. It was reported that

a reduced gas-phase reaction mechanism developed for gas-phase

ignition had to be augmented by the H 2 O 2 chemistry for the cou-

pled hetero-/homogeneous combustion. In a subsequent study [14] ,

Deshmukh and Vlachos reduced catalytic reaction mechanisms for

fuel-lean CH 4 oxidation over platinum and rhodium, employing

reaction path, sensitivity and partial equilibrium analyses. Reinke

et al. [15 , 16] validated, by means of Raman and planar laser in-

duced fluorescence measurements of OH, a set of detailed hetero-

/homogeneous reaction mechanisms for the fuel-lean CH 4 /air com-

bustion over platinum and further provided a reduced catalytic

mechanism [15] and a reduced gas-phase [16] mechanism valid

at pressures 1 to 16 bar. It was also found that even in the ab-

sence of vigorous homogeneous combustion with flames, the gas-

phase pre-ignition chemistry could contribute significantly to the

CH 4 homogeneous conversion, especially at elevated pressures [16] .

Yan and Maas [17] demonstrated a mathematical model allow-

ing for the combined use of gas-phase and surface intrinsic low

dimensional manifolds (ILDMs) in hetero-/homogeneous reacting

flow calculations. Karadeniz et al. [18] reduced gas-phase methane

and iso-octane mechanisms for application in catalytic partial ox-

idation. In view of these worthy contributions, it is nevertheless

recognized that catalytic and gas-phase reaction mechanisms have

not been systematically reduced together in hetero-/homogeneous

combustion processes. 

In the present study we shall therefore perform reduction of

detailed catalytic and gas-phase reaction mechanisms together for

the hetero-/homogeneous combustion of H 2 /CO/O 2 /N 2 mixtures

over platinum. In choosing the H 2 /CO/O 2 /N 2 mixtures as a pro-

totype to demonstrate the importance of the coupling in the re-

duction, we note that such mixtures are representative of syngas,

whose catalytic combustion is attracting extensive industrial inter-

est as it facilitates reduced emissions in gas turbines [19–22] , is

suited for microscale portable power generation systems [23] and

allows for emission control and enhanced combustion stability in

automotive internal combustion engines [24] . 

Combined mechanism reduction was accomplished using a

method derived from the directed relation graph (DRG) [25–27] for

a wide range of operating conditions. The DRG method was devel-

oped based on the notion that many species and elementary reac-

tions are weakly coupled during combustion processes and do not

significantly affect the reaction rates of the major species; this has

proven to be a straightforward and efficient method in reducing

large gas-phase reaction mechanisms [25] . However, DRG has not

yet been applied to pure catalytic or combined catalytic/gas-phase

combustion. Thus, one of our objectives is also to demonstrate the

capability of the reducing method derived from DRG in creating re-

duced hetero-/homogeneous reaction mechanisms, which can cap-

ture major species concentration profiles, homogeneous ignition

distances and flame temperatures. 

This paper is organized as follows. The adopted simulation

methodology, using a 2-D Navier Stokes code for a catalytic chan-

nel geometry, and the principle of the reducing method, are briefly

discussed in Section 2 . Next, the performance of reduced catalytic

and gas-phase mechanisms for the heterogeneous-only and cou-

pled hetero-/homogeneous combustion of fuel-lean H 2 /CO/O 2 /N 2 

mixtures over Pt are presented in Sections 3.1 and 3.2 , respectively.

Mechanism reduction under fuel-rich conditions is then addressed

in Section 3.3 . Exothermicity and catalytic ignition of the reduced

mechanisms are discussed in Section 3.4 . Finally, the main results

are summarized in Section 4 . 

2. Methodology 

In previous studies [28–30] the hetero-/homogeneous combus-

tion of H /CO/O /N mixtures over Pt was investigated experimen-
2 2 2 
ally in a high-pressure, optically accessible catalytic channel flow

eactor and numerically using a 2-D steady Navier-Stokes code

ith detailed catalytic and gas-phase chemical reaction mecha-

isms; details of the numerical model have been reported in [31] .

he governing equations were discretized using a finite volume ap-

roach and solution was obtained iteratively using an ADI algo-

ithm with a SIMPLER method for the pressure-velocity field. The

oupling between the homogeneous and the heterogeneous phases

as treated via a modified Newton method for the surface species

overage and the interfacial (gas–solid) gaseous species mass frac-

ions [29–32] . The rectangular channel reactor comprised two 9-

m-thick horizontal Si[SiC] ceramic plates having a streamwise

ength ( x ) of 300 mm and a lateral width ( z ) of 104 mm, and

wo 3-mm-thick vertical quartz windows that maintained a verti-

al separation of 7 mm ( y ) between the two plates [29 , 30] . The

nner 300 × 104 mm 

2 ceramic plate surfaces were coated with

 Pt layer using plasma vapor deposition, while the catalyst tem-

eratures were controlled by a combined heating/cooling arrange-

ent comprising two adjustable-power resistive coils in the rear

late sections and two cooling air jets in the front plate sections

28 , 29] . The catalyst temperatures were measured along the x –y

ymmetry plane of the channel by 12 S-type thermocouples for

ach plate, which were positioned 0.9 mm beneath the catalyti-

ally coated surfaces. 1-D Raman measurements of the concentra-

ions of the major gaseous species over the 7 mm channel height

ccessed the catalytic processes, while gas-phase combustion was

onitored with planar laser induced fluorescence (PLIF) of OH for

ll fuel-lean stoichiometries and for the fuel-rich stoichiometries at

ressures below ~5 bar. Hot-O 2 PLIF was used for fuel-rich cases at

ressures above ~5 bar due to the associated ultra-low OH levels

nd the enhanced collisional quenching of the OH fluorescence sig-

al [30 , 32] . 

Studies were performed at fuel-lean and fuel-rich global equiv-

lence ratios of ϕ = 0.13-7.0 (based on both H 2 and CO fuel com-

onents), with and without the onset of gas-phase ignition, H 2 :CO

olar ratios of 1:4.6-5:1 and pressures of 1–14 bar. The detailed

atalytic reaction mechanism of H 2 /CO oxidation on Pt from Zheng

t al. [28] was employed in the simulations (25 irreversible and 2

eversible reactions, 9 surface and 8 gaseous species, which was

ased on an earlier CH 4 /H 2 /CO mechanism by Deutschmann et al.

33] ; see Table A1 in the Appendix). For the gas-phase chemistry,

n elementary C1 scheme combining H 2 /O 2 reactions from Burke

t al. [34] and CO/O 2 reactions from Li et al. [35] was used (36

eversible reactions and 13 gaseous species, see Table A2 in the

ppendix). Good agreements were established between the Ra-

an/PLIF measurements and the predictions [28 –30] , thus attest-

ng the adequacy of the employed detailed hetero-/homogeneous

yngas chemical reaction mechanisms. 

In the present work, simulations were performed using either

etailed or reduced mechanisms. Selected cases from [28 –30] that

overed a wide range of operating conditions are summarized in

able 1 . A staggered grid of 480 × 100 points, in x - and y -direction,

espectively, for the 300 × 7 mm 

2 ( x –y ) channel domain along

he symmetry plane z = 0 provided grid-independent solutions.

t is noted that at far upstream locations ( x < 20 mm) the radical

oundary layers are steep (however, with O and H mole fractions

elow ~10 −8 ) and need finer grid points to resolve. Temperature

xial profiles at the lower ( y = 0) and upper ( y = 7 mm) channel

alls were constructed by fitting curves through the 12 thermo-

ouple measurements and served as energy boundary conditions

n the simulations. The gas mixture temperature, axial velocity

nd gaseous species mole fractions were uniform at the inlet,

ssessed by an inlet thermocouple and four mass flowmeters. Gas-

hase and catalytic reaction rates were evaluated with Chemkin

36] and Surface-Chemkin [37] , respectively. Mixture-averaged

iffusion including thermal diffusion for the light species H 2 
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Table 1 

Simulation conditions ∗ . 

Case p ϕ T IN U IN H 2 CO O 2 CO 2 H 2 :CO 

1 5 0.13 305 1.22 1.5 7.0 31.1 − 1:4.6 

2 5 0.26 317 0.74 7.2 7.2 27.4 − 1:1 

3 2 0.29 441 3.23 7.0 1.5 14.7 13.9 4.6:1 

4 4 0.21 555 2.97 3.2 3.2 15.2 14.3 1:1 

5 12 0.19 719 1.70 5.4 1.4 17.9 15.0 3.9:1 

6 1 5.0 333 5.0 44.2 22.1 6.6 − 2:1 

7 7 7.0 336 0.9 62.3 12.5 5.3 − 5:1 

8 14 5.0 375 0.3 44.2 8.8 5.3 − 5:1 

∗ Pressure (bar), global equivalence ratio, inlet temperature (K), inlet velocity 

(m/s), H 2 , CO, O 2 and CO 2 inlet vol.% content (the balance is N 2 ), and H 2 :CO volu- 

metric ratio. Cases 1 and 2 from [29] , 3–5 from [28] and 6–8 from [30] . 
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Fig. 1. Measured wall temperatures from [29] (solid lines: upper wall, dashed lines: 

lower wall) for Cases 1 (a) and 2 (b) in Table 1 . For the same cases, predicted 

transverse profiles of H 2 (solid lines and circles) and CO (dashed lines and trian- 

gles) mole fractions are given at four selected axial locations. Lines denote results 

obtained using the detailed reaction mechanisms and symbols using the reduced 

reaction mechanisms. 
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N  
nd H were used in conjunction with the Chemkin Transport

atabase [38] . 

The detailed catalytic and gas-phase reaction mechanisms were

educed based on the principle of directed relation graph (DRG)

ethod [25 –27] . Similar to the original DRG method, starting from

 user-specified important Species A, the normalized contribution

f the i th reaction that involves Species B (but not the contribution

f all B-related reactions) to the total production/destruction of A

nder a given condition can be defined as: 

r i AB ≡
| υA,i ω i δB,i | ∑ 

i =1 ,I | υA,i ω i | , 

B ,i = 

{
1 , if the i − th reaction involves species B 

0 , otherwise 
(1) 

here υA, i and ˙ ω i , respectively, denote the stoichiometric coeffi-

ient of Species A and the reaction rate expressed in unit mol/cm 

3 s

or the i th gaseous reaction. The catalytic reaction rate ṡ i has the

nit of mol/cm 

2 s and is converted to the same dimension as ˙ ω i by

ultiplying it by the reactor surface-to-volume ratio S / V . Unimpor-

ant reactions under a particular reaction condition are eliminated

f r i AB <ε, where ε is a user-specified small-threshold relative error.

ll species that are not involved in any remaining reactions will be

emoved from the reduced mechanism. 

The model reduction was performed using the surface perfectly

tirred reactor (SPSR) [39] with detailed catalytic and gas-phase re-

ction mechanisms, mimicking the operating conditions in the real

imulations. The SPSR simulations require only a few seconds to

btain convergent solutions. Due to the small-scale reactor geome-

ry and the catalytic-dominant operating conditions in typical cat-

lytic channels with known surface temperatures and inlet proper-

ies, a single sampling was shown quite satisfactory for the para-

etric space of the model reduction. The sampling included in-

et gas composition, pressure, inlet temperature and residence time

channel length divided by inlet velocity) taken from Table 1 , while

he fitted thermocouple-measured wall temperature profiles were

veraged for each case and then used as the SPSR surface tem-

erature. Surface-to-volume ratio of the SPSR was kept the same

s the channel catalytic reactor ( S / V = 2.85 cm 

−1 ). The produc-

ion/destruction rates of each reaction for every species were given

y the SPSR calculation. Starting from the target Species A, all reac-

ions (either catalytic or gas-phase) with a significant contribution

 r i AB > ε) to A’s production/destruction and the related Species B

and C, D, … if any) were kept in the reduced mechanism. Same

rocedure was repeated for Species B and all the following related

pecies until no more reactions (and species) could be added to

he reduced scheme. 

As the reductions were performed using an SPSR, transport ef-

ects were not considered. However, subsequent full 2-D simula-

ions (with mixture-averaged diffusion including thermal diffusion

or the light species) using the reduced mechanisms reproduced
ery well the results of detailed mechanisms, indicating that trans-

ort did not significantly affect the chemistry reduction for the in-

estigated channel geometry and operating conditions. 

. Results and discussion 

.1. Fuel-lean heterogeneous combustion 

The catalytic and gas-phase reaction mechanisms were initially

educed together for Cases 1 and 2 in Table 1 using the reduction

ethod described in Section 2 . It is desired to reduce catalytic and

as-phase mechanisms jointly, as these two pathways are coupled

ia chemical, thermal and transport interactions. If catalytic and

as-phase reaction mechanisms are reduced separately, chemical

oupling between the two reaction pathways will not be consid-

red and automatically filtered out in the reduced mechanisms. H 2 

as selected as the “starting species A” in the reduction procedure

nd the relative threshold error was ε = 1%. 

Due to the low inlet gas and surface temperatures, especially

t the upper wall (see Fig. 1 ), vigorous gas-phase combustion was

ot initiated, as manifested by either the OH-PLIF measurements or

he detailed-chemistry numerical simulations. The reduced model

omprised of 13 catalytic reactions (S1, S4, S5, S8, S9, S14-S19, S22

nd S24, see Table A1 ) and zero gas-phase reactions, leading to

he elimination of ~80% of the detailed reactions and confirming

he negligible importance of gas-phase chemistry for both Cases

 and 2. Specifically, the gaseous species H, O, OH, HCO, CH 2 O,

 and the surface species C(s) were removed (see Table A3 ).
2 
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Fig. 2. PLIF-measured 2-D OH distribution for Case 3 ((a), adapted from [28] ) and 

predicted 2-D OH mole fraction distributions for Cases 3-5: simulations obtained 

with the detailed reaction mechanisms (a1), (b1), and (c1) and the reduced reaction 

mechanisms (a2), (b2) and (c2). The vertical arrows denote the onset of homoge- 

neous ignition. 
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Fig. 3. Measured wall temperatures and predicted transverse profiles of H 2 and CO 

mole fractions at four selected axial locations for Cases 3-5, (a)–(c) in Table 1 . No- 

tations as in Fig. 1 . 
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Comparisons between predicted transverse profiles of H 2 and CO

at selected axial locations x = 20, 40, 70 and 100 mm using de-

tailed and reduced reaction mechanisms are provided in Fig. 1 . In

both cases, the reduced mechanism excellently reproduces the H 2 

and CO mole fractions and the near-wall bending of the transverse

profiles, which is directly linked to the local catalytic reactivity. 

3.2. Fuel-lean hetero-/homogeneous combustion 

Simulations were subsequently performed using either the de-

tailed or the reduced mechanisms for Cases 3–5, in which gas-

phase reactions were initiated. In these cases, CO 2 was added in

the reactant stream (see Table 1 ) to control the homogeneous

ignition location. Catalytic and gas-phase reaction mechanisms

were reduced for Cases 3–5 following the same procedure as in

Section 3.1 . 

The reduced mechanism for Case 3 included 22 catalytic and 12

gas-phase reactions (S1, S3–19, S22–S24, S26, R1, R4–R5, R11, R14-

R18, R22, R23 and R27), while species HCO, CH 2 O, and C(s) were

neglected. The onset of homogeneous ignition (indicated by verti-

cal arrows in Fig. 2 ) was defined as the far-upstream axial location

where the OH mole fractions reached 5% of their maximum lev-

els in the entire channel. It is seen that the gaseous combustion of

H 2 is initiated first, while gaseous combustion of CO commences

shortly downstream as the gas-phase oxidation of CO relies on the

availability of the OH radical produced by the H 2 chemistry (R27:

CO + OH = CO 2 + H). The 2-D OH distributions of Case 3 obtained

via the PLIF measurement in [28] are shown in Fig. 2 (a), while sim-

ulations using the detailed and reduced mechanisms are shown in

Fig. 2 (a1) and (a2), respectively. 

The measured upper and lower wall temperatures for Case 3

are illustrated in Fig. 3 (a). It is seen that two separate flame
ranches are established near the catalytic walls in Fig. 2 (a), (a1),

nd (a2), due to the sub-unity Lewis number of the H 2 fuel com-

onent ( Le H2 ≈ 0.3): mass transport of H 2 towards the hot cat-

lytic walls is faster than heat transfer away from walls, leading to

he confinement of the resultant flames in the wall vicinity [40] .

he reduced set of gaseous reactions modestly overestimates the

omogeneous ignition distance, by 14 mm. Consequently, the re-

uced mechanism slightly underestimates the consumption of H 2 

ear both walls as evidenced by comparing results of the two sim-

lations at x = 50 mm in Fig. 3 (a). Since the reduced catalytic

echanism captures the transport-limited conversion of H 2 and

O at locations preceding the onset of homogeneous ignition (see

ig. 3 (a) at x = 20 mm), the post homogeneous ignition differ-

nces in the H 2 profiles manifest a somewhat slower reduced gas-

hase reaction model. This minor discrepancy is progressively ag-

ravated at locations farther downstream in Fig. 3 (a), especially at

 = 200 mm. 
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It is seen that the OH mole fraction decreases significantly with

ncreasing pressure at 4 bar in Case 4 and 12 bar in Case 5 (see

H peak values in Fig. 2 (b1), and (b2) and (c1), and (c2)), due to

heir strong pressure dependence as discussed in [32] . The reduced

echanisms for the higher-pressure Cases 4 and 5 are smaller in

ize than the reduced mechanism for Case 3 and capture very well

he OH distributions (see Fig. 2 (b2), and (c2)) as well as the trans-

erse profiles of H 2 and CO mole fractions (see Fig. 3 (b), and (c)).

he surface adsorption of the gas-phase radicals H (S3) and O (S7)

s removed successively in the reduced mechanisms of Cases 4 and

. The reduced mechanism for Case 4 comprises 21 catalytic and

0 gas-phase reactions (S1, S4–19, S22–S24, S26, R1, R4–R5, R11,

14–R18 and R27), while the one for Case 5 comprises 20 catalytic

nd 10 gas-phase reactions (S1, S4–S6, S8-19, S22–S24, S26, R1, R4–

5, R11, R15–R18, R23 and R27). In addition, very favorable com-

arisons of transversely-averaged mole fractions of major gaseous

pecies, OH radical and gas temperature are obtained, as shown in

ig. 4 for Case 4. 

.3. Fuel-rich hetero-/homogeneous combustion 

The applicability of the applied methodology of Section 2 in

educing the mechanisms for the hetero-/homogeneous combus-

ion of fuel-rich H 2 /CO/O 2 /N 2 mixtures over Pt is examined with

ases 6–8. The OH mole fraction becomes ultra-low at fuel-rich

onditions and decreases drastically with increasing pressure, thus

endering OH-PLIF not suitable for the detection of gaseous com-

ustion at pressures above ca. 5 bar. For example, it was shown

32] that the equilibrium OH mole fraction at 1 bar of a fuel-

ich ( ϕ = 5.06) H 2 /air mixture was 3 orders of magnitude lower

han that of a fuel-lean H 2 /air mixture having the same adiabatic

emperature ( ϕ = 0.39). This outcome in combination with the

nhanced collisional quenching of the fluorescence signal at ele-

ated pressures necessitated the use of hot-O 2 -PLIF in order to de-

ect homogeneous ignition and flame formation [30 , 32] and hence

o validate the detailed hetero-/homogeneous reaction mechanisms

bove 5 bar. Nonetheless, in the present numerical studies the ho-

ogeneous ignition was still defined by the OH radical for all pres-

ures. 

The model reduction for Case 6 at atmospheric pressure fol-

owed the similar procedure as the foregoing fuel-lean studies,

hile the deficient reactant O 2 was used as the “starting species

”. The user-specified small-threshold relative error ε was as low

s 1 × 10 −4 , otherwise catalytic and gas-phase reactions would

ecome “decoupled” and all gas-phase reactions would be elim-

nated after the reduction. This strict threshold relative error of
= 1 × 10 −4 led to a rather large reduced mechanism (RM1) of

4 catalytic and 20 gas-phase reactions (S1–S5, S7–S24, S26, R1–

5, R11–R13, R15, R18, R20 and R22–R30). The reduced mecha-

ism RM1 captured well the onset of homogeneous ignition (see

ig. 5 (a)–(a2)) and the transverse profiles of H 2 and CO (see Fig. 6 ).

he negative/positive gradients of the H 2 mole fraction profile

t the lower/upper catalytic walls at the last selected axial lo-

ation x = 200 mm (downstream of the flame) in Fig. 6 indi-

ated H 2 catalytic production and was a result of catalytic split-

ing of the homogeneously-produced water (reaction sequence: S8,

nverse S14 and S2) [30] . It is further noted that, contrary to the

wo separate flame branches of the fuel-lean studies in Fig. 2 , the

uel-rich flames in Fig. 5 are V-shaped and closed, extending trans-

ersely (in y -direction) over the entire channel height, similar to

uel-lean hydrocarbon flames [16] . This is due to the larger-than-

nity Lewis number of the deficient reactant O 2 ( Le O2 ≈ 2 at fuel-

ich conditions). 

In an attempt to achieve a more efficient reduction, detailed

atalytic and gas-phase reaction mechanisms were also reduced

ot together but separately, both with a threshold of ε = 1% (as

n Sections 3.1 and 3.2 ). The resulting reduced mechanism RM2
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Fig. 7. Predicted 2-D OH mole fraction distributions for Cases 7–8: obtained with 

the detailed reaction mechanisms (a1)–(b1) and the reduced reaction mechanisms 

(a2)–(b2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T
lla

w
)

K(

900

1000

1100

Tw,up

Tw,low

y
)

m
m(

0.0

3.5

7.0
H2

CO×3

H2

CO×3

H2

CO×3

H2

CO×3

x=
300mm

x=
200mm

x=
100mm

x=
50mm

x (mm)

H2, CO mole fraction (%)

0          50        100        150        200       250       300

  30 40 50 60  30 40 50 60  30 40 50 60  35   45   55

(a)

T
lla

w
)

K(

800
900

1000
1100
1200

Tw,up

Tw,low

y
)

m
m(

0.0

3.5

7.0
H2

CO×3

H2

CO×3

H2

CO×3

H2

CO×3

x=
200
mm

x=
100mm

x=
50mm

x=
20mm

x (mm)

H2, CO mole fraction (%)

0          50        100        150        200       250       300

  20  30  40     20  30  40     20  30  40    15   25   35

(b)

Fig. 8. Wall temperatures and predicted transverse profiles of H 2 and CO mole frac- 

tions at four selected axial locations for Cases 7–8. Notations as in Fig. 1 . 

g  

f  

u  

p  

i  

c  

o  

i  

c  

s

 

t  

fi  

d  

c  

d  

a  

d

3

m

 

S  

a  

o  

n  

S  

s  

t  

s  
had 16 catalytic and 15 gas-phase reactions (S1-S2, S4-S5, S8-S9,

S12, S14-S19, S22-S23, S26, R1-R4, R11-R13, R18, R20 and R25-

R30). As shown in Fig. 5 (a3), RM2 significantly underpredicted the

homogeneous ignition distance. The reason is that during the cou-

pled hetero-/homogeneous combustion, gas-phase ignition is con-

trolled by two main coupling mechanisms with the catalytic reac-

tion pathway, i.e. net radical (H, O and OH) transport to/from the

surface and heat transfer from the hot surface to the colder gas.

For Case 6, using RM2 only the non-kinetic thermal impact due to

heat transfer from the hot surface to the gas is considered in the

simulation, while the “bridge reactions” (Reactions S3, S7, S10-11,

especially the surface adsorption of H radicals via S3) are ignored,

thus leading to the incorrect prediction of homogeneous ignition.

As shown in Fig. 5 (a4), the simulation using RM2 supplemented by

S3 recovered the correct homogeneous ignition distance. 

At higher pressures, however, the impact of the radical trans-

port to/from the catalytic surfaces on the gas-phase combustion

was progressively reduced. Characteristically, for Cases 7 and 8 at

7 bar and 14 bar, respectively, the threshold value ε had to be

reduced to 1 × 10 −8 to maintain the “bridge reactions” and the

ensuing gas-phase reactions during the model reduction, resulting

in mechanisms that basically could not be reduced. This indicates

negligible importance of the gas-surface radical transport in the

homogeneous ignitions. Thus, detailed catalytic and gas-phase re-

actions were again reduced separately for Cases 7 and 8, following

the same procedure as the previously mentioned RM2 for Case 6,

using the threshold ε = 1%. The reduced mechanism for Case 7 had

16 catalytic and 17 gas-phase reactions (S1–S2, S4–S5, S8–S9, S12,

S14–S19, S22–S23, S26, R1–R4, R11–R13, R16, R18–R20, R26–R30

and R34), while that for Case 8 had 16 catalytic and 18 gas-phase

reactions (S1–S2, S4–S5, S8–S9, S12, S14–S19, S22–S23, S26, R1–R4,

R11–R13, R16–R20, R26–R30 and R34). Both reduced mechanisms

captured well the ignition of gaseous combustion (see Fig. 7 ) and

excellently reproduced the transverse profiles of H 2 and CO mole

fractions at various axial locations (see Fig. 8 ). 

The strict threshold 1 × 10 −4 of Case 6 in order to include gas-

phase reactions was due to the weak impact of OH radical (via S11)

on the summed absolute construction/destruction 

∑ 

i =1 ,I | υA,i ω i | of

OH(s), which was in turn linked to the starting species O 2 via O(s)

in the directed relation graph. Looking from the opposite direc-

tion, OH(s) via S11 contributed 44% of OH’s summed absolute con-

struction/destruction. If OH was chosen as the starting species A

for the reduction procedure, appreciably less strict threshold value

would be required for the reduction. However, we do not sug-
est choosing radicals or any minor species as the starting species

or mechanism reduction in real applications, because it is often

nknown prior to full simulations or experiments whether gas-

hase combustion is ignited, and when gas-phase combustion is

gnited, whether surface-gas radical transport is important. In the

ases where gas-phase combustion is not ignited (e.g. Cases 1–2)

r surface-gas radical transport does not play an important role

n the ignition of gas-phase chemistry (e.g. Cases 7–8), using radi-

als or other minor species as the (automatically reserved) starting

pecies will result in inefficient mechanism reduction. 

For large-scale simulations of turbulent catalytic combustion,

he strategy is to perform the reduction in a suitable laminar con-

guration (such as the present catalytic channel geometry) using

etailed hetero-/homogeneous mechanisms and selected operating

onditions of pressure, temperature, and equivalence ratio. The re-

uced mechanisms could be subsequently applied to computation-

lly expensive turbulent simulations under similar operating con-

itions. 

.4. Surface exothermicity and catalytic ignition of the reduced 

echanisms 

In the catalytic channel flow reactor simulated in

ections 3.1 –3.3 , the surface temperatures were prescribed

nd hence the surface exothermicity was not studied. The validity

f the reduced hetero-/homogeneous mechanisms in the case of

on-prescribed surface temperature is addressed in this Section.

pecifically, using DRG-based methods, a parametric space is first

ampled, including the reactant composition, pressure, residence

ime, inlet temperature and reactor temperature. The important

pecies and reactions are determined accordingly based on their
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irect and indirect contributions to the consumption/destruction

f the important species, e.g. hydrogen in fuel-lean cases and

xygen in fuel-rich cases as in Sections 3.1 –3.3 . Nonetheless, the

educed mechanisms can also be used for predicating systems

ith surface exothermicity. 

Simulations were performed using the SPSR [39] under adi-

batic condition for three selected cases mimicking Cases 4,

 and 8. For each case, inlet reactant composition, pres-

ure and inlet temperature were kept the same as in Table

 , while the residence time was varied from 0.0 0 05 s to

 s. Fig. 9 shows the simulated ignition process at vari-

us residence times. As shown in Fig. 9 for all selected

ases, the reduced mechanisms developed in Sections 3.2

nd 3.3 captured very well the catalytic ignition and heat re-

ease for all residence times. In addition, the computed catalytic

nd gaseous conversions of H 2 and CO for Case 6 using both de-

ailed and reduced mechanisms are compared in Fig. 10 . The fa-

orable comparison of both catalytic and gaseous fuel conversions,
ogether with the well reproduced reactor temperatures that is due

o the exothermicity of both reaction pathways, indicate that both

atalytic and gaseous exothermicities are properly captured using

he reduced mechanism. 

. Conclusions 

Detailed catalytic and gas-phase reaction mechanisms for the

etero-/homogeneous combustion of H 2 /CO/O 2 /N 2 mixtures over

t were reduced using a method derived from the directed relation

raph (DRG) for a wide range of operating conditions. Simulations

ere performed in a Pt-coated planar channel using a 2-D steady

avier Stokes code with both detailed and reduced mechanisms

or various global equivalence ratios, H 2 :CO volumetric ratios, pres-

ures, surface temperatures and inlet gas temperatures. The follow-

ng are the key conclusions obtained herein. 

(1) At fuel-lean conditions for both heterogeneous-only and

hetero-/homogeneous combustion, catalytic and gas-phase 

reaction mechanisms can be treated as a single item and re-

duced together. This allows for the proper representation of

the key hetero-/homogeneous chemical interactions. 

(2) At low-pressure fuel-rich conditions, very low threshold rel-

ative error is needed to accurately capture the homoge-

neous ignition, resulting in a relatively inefficient reduction.

At high-pressure fuel-rich conditions, for a more efficient

reduction the catalytic and gas-phase reaction mechanisms

could be reduced separately, which does not sacrifice the ac-

curacy of the reduced mechanisms due to the reduced im-

portance of the gas-surface radical coupling. 

(3) The reduced mechanisms reproduce well the major gaseous

species concentrations, gas temperatures and homogeneous

ignition distances obtained with the detailed reaction mech-

anisms, thus demonstrating the applicability of the applied

method in reducing mechanisms for hetero-/homogeneous

combustion systems. It is also shown that for fuel-lean con-

ditions, prior to full simulations, the reduction could provide

a straightforward and rapid indication if gas-phase combus-

tion is ignited, and the important reactions and contribu-

tions of both reaction pathways, and could further benefit

the demanding large-scale numerical simulation for the de-

sign and thermal management of catalytic combustion sys-

tems. 

(4) Additional simulations in a surface perfectly stirred reactor

(SPSR) shows that the reduced mechanisms could also pre-

dict surface exothermicity and catalytic ignition for prob-

lems without prescribed surface temperature. 
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Table A1 

Detailed catalytic reaction mechanism of syngas oxidation over Pt and the reduced catalytic mechanisms ∗ . 

No. Reaction A b E a Reduced mechanisms 

1 2 3 4 5 6 7 8 

RM1 RM2 RM3 

S1 H 2 + 2Pt(s) → 2H(s) 4.46 × 10 10 0.5 0 
√ √ √ √ √ √ √ √ √ √ 

S2 2H(s) → 2Pt(s) + H 2 3.70 × 10 21 0 67.4–6 θH(s) 

√ √ √ √ √ 

S3 H + Pt(s) → H(s) 1.0 ( γ ) 0 0 
√ √ √ 

S4 O 2 + 2Pt(s) → 2O(s) 1.80 × 10 21 −0.5 0 
√ √ √ √ √ √ √ √ √ √ 

S5 O 2 + 2Pt(s) → 2O(s) 0.023 ( γ ) 0 0 
√ √ √ √ √ √ √ √ √ √ 

S6 2O(s) → 2Pt(s) + O 2 3.70 × 10 21 0 213.2–60 θO(s) 

√ √ √ 

S7 O + Pt(s) → O(s) 1.0 ( γ ) 0 0 
√ √ √ 

S8 H 2 O + Pt(s) → H 2 O(s) 0.75 ( γ ) 0 0 
√ √ √ √ √ √ √ √ √ √ 

S9 H 2 O(s) → Pt(s) + H 2 O 1.00 × 10 13 0 40.3 
√ √ √ √ √ √ √ √ √ √ 

S10 OH + Pt(s) → OH(s) 1.0 ( γ ) 0 0 
√ √ √ √ 

S11 OH(s) → Pt(s) + OH 1.00 × 10 13 0 192.8 
√ √ √ √ 

S12 H(s) + O(s) → OH(s) + Pt(s) 3.70 × 10 20 0 70.5 
√ √ √ √ √ √ √ √ 

S13 OH(s) + Pt(s) → H(s) + O(s) 1.00 × 10 21 0 130.69 
√ √ √ √ 

S14 H(s) + OH(s) = H 2 O(s) + Pt(s) 3.70 × 10 21 0 17.4 
√ √ √ √ √ √ √ √ √ √ 

S15 2OH(s) = O(s) + H 2 O(s) 3.70 × 10 21 0 48.2 
√ √ √ √ √ √ √ √ √ √ 

S16 CO + Pt(s) → CO(s) 0.84 ( γ ) 0 0 
√ √ √ √ √ √ √ √ √ √ 

S17 CO(s) → Pt(s) + CO 2.13 × 10 13 0 136.19–33 θCO(s) 

√ √ √ √ √ √ √ √ √ √ 

S18 CO 2 (s) → Pt(s) + CO 2 1.00 × 10 13 0 20.5 
√ √ √ √ √ √ √ √ √ √ 

S19 CO(s) + O(s) → CO 2 (s) + Pt(s) 3.70 × 10 20 0 108.0–33 θCO(s) 

√ √ √ √ √ √ √ √ √ √ 

S20 C(s) + O(s) → CO(s) + Pt(s) 3.70 × 10 21 0 62.80 
√ 

S21 CO(s) + Pt(s) → C(s) + O(s) 1.00 × 10 18 0 184.0 
√ 

S22 CO(s) + OH(s) → HCOO(s) + Pt(s) 3.70 × 10 21 0 94.2 
√ √ √ √ √ √ √ √ √ √ 

S23 HCOO(s) + Pt(s) → CO(s) + OH(s) 1.33 × 10 21 0 0.87 
√ √ √ √ √ √ √ √ 

S24 HCOO(s) + O(s) → CO 2 (s) + OH(s) 3.70 × 10 21 0 0 
√ √ √ √ √ √ 

S25 CO 2 (s) + OH(s) → HCOO(s) + O(s) 2.79 × 10 21 0 151.05 

S26 HCOO(s) + Pt(s) → CO 2 (s) + H(s) 3.70 × 10 21 0 0 
√ √ √ √ √ √ √ √ 

S27 CO 2 (s) + H(s) → HCOO(s) + Pt(s) 2.79 × 10 21 0 90.05 

∗ Reaction rates are k = AT b exp( E a / RT ) with A (mol-cm-K-s) and E a (kJ/mol). The surface site density is 
 = 2.7 × 10 −9 mol/cm 

2 and γ denotes sticking coefficients. Reac- 

tions S4 and S5 are duplicate. S1 and S2 have orders of one and two with respect to Pt(s), respectively. " 
√ 

" marks remaining reactions in the reduced reaction mechanisms. 

Table A2 

Detailed gas-phase reaction mechanism of syngas oxidation and the reduced gas-phase mechanisms ∗ . 

No. Reaction A B E a Reduced mechanisms 

1 2 3 4 5 6 7 8 

RM1 RM2 RM3 

R1 H + O 2 = O + OH 1.04 × 10 14 0 63.96 
√ √ √ √ √ √ √ √ 

R2 O + H 2 = H + OH 3.82 × 10 12 0 33.25 
√ √ √ √ √ 

R3 O + H 2 = H + OH 8.79 × 10 14 0 80.21 
√ √ √ √ √ 

R4 H 2 + OH = H 2 O + H 2.16 × 10 8 1.51 14.35 
√ √ √ √ √ √ √ √ 

R5 2OH = O + H 2 O 3.34 × 10 4 2.42 −8.08 
√ √ √ √ 

R6 H 2 + M = 2H + M 4.85 × 10 19 −1.4 436.73 

R7 2O + M = O 2 + M 6.15 × 10 15 −0.5 0 

R8 O + H + M = OH + M 4.71 × 10 18 −1.0 0 

R9 H 2 O + M = H + OH + M 6.06 × 10 27 −3.32 505.39 

R10 2H 2 O = H + OH + H 2 O 1.01 × 10 26 −2.44 502.83 

R11 H + O 2 ( + M) = HO 2 ( + M) 4.65 × 10 12 0.44 0 
√ √ √ √ √ √ √ √ 

6.37 × 10 20 −1.72 2.20 

R12 HO 2 + H = H 2 + O 2 2.75 × 10 6 2.09 −6.07 
√ √ √ √ √ 

R13 HO 2 + H = 2OH 7.08 × 10 13 0 1.23 
√ √ √ √ √ 

R14 HO 2 + O = O 2 + OH 2.85 × 10 10 1.0 −3.03 
√ √ 

R15 HO 2 + OH = H 2 O + O 2 2.89 × 10 13 0 −2.08 
√ √ √ √ 

R16 2HO 2 = H 2 O 2 + O 2 4.20 × 10 14 0 50.13 
√ √ √ √ √ 

R17 2HO 2 = H 2 O 2 + O 2 1.30 × 10 11 0 −6.82 
√ √ √ √ 

R18 H 2 O 2 ( + M) = 2OH ( + M) 2.00 × 10 12 0.9 203.97 
√ √ √ √ √ √ √ √ 

2.49 × 10 24 −2.3 203.97 

R19 H 2 O 2 + H = H 2 O + OH 2.41 × 10 13 0 16.61 
√ √ 

R20 H 2 O 2 + H = HO 2 + H 2 4.82 × 10 13 0 33.26 
√ √ √ √ √ 

R21 H 2 O 2 + O = OH + HO 2 9.55 × 10 6 2.0 16.61 

R22 H 2 O 2 + OH = HO 2 + H 2 O 1.74 × 10 12 0 1.33 
√ √ 

R23 H 2 O 2 + OH = HO 2 + H 2 O 7.59 × 10 13 0 30.42 
√ √ √ 

R24 CO + O ( + M) = CO 2 ( + M) 1.80 × 10 10 0 9.96 
√ 

1.55 × 10 24 −2.7 17.53 

R25 CO + O 2 = CO 2 + O 2.53 × 10 12 0 199.58 
√ √ √ 

R26 CO + HO 2 = CO 2 + OH 3.01 × 10 13 0 96.23 
√ √ √ √ √ 

( continued on next page ) 
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Table A2 ( continued ) 

No. Reaction A B E a Reduced mechanisms 

1 2 3 4 5 6 7 8 

RM1 RM2 RM3 

R27 CO + OH = CO 2 + H 2.23 × 10 5 1.9 −4.85 
√ √ √ √ √ √ √ √ 

R28 HCO + M = H + CO + M 4.75 × 10 11 0.7 62.34 
√ √ √ √ √ 

R29 HCO + O 2 = CO + HO 2 7.58 × 10 12 0 1.72 
√ √ √ √ √ 

R30 HCO + H = CO + H 2 7.23 × 10 13 0 0 
√ √ √ √ √ 

R31 HCO + O = CO + OH 3.02 × 10 13 0 0 

R32 HCO + O = CO 2 + H 3.00 × 10 13 0 0 

R33 HCO + OH = CO + H 2 O 3.02 × 10 13 0 0 

R34 HCO + HO 2 = CO 2 + OH + H 3.00 × 10 13 0 0 
√ √ 

R35 2HCO = H 2 + 2CO 3.00 × 10 12 0 0 

R36 2HCO = CH 2 O + CO 3.13 × 10 13 0 0 

∗ Reaction rates are k = AT b exp( E a / RT ) with A (mol-cm-K-s) and E a (kJ/mol). R2/R3, R16/R17 and R22/R23 are duplicate reactions. R11 and R18 are Troe reactions centered 

at 0.5 and 0.42, respectively, and R24 a pressure-dependent reaction (second entries are the low-pressure limits). Third body efficiencies in reactions R6–R8 are ω H2O = 12.0, 

ω H2 = 2.5, ω CO = 1.9 and ω CO2 = 3.8; in R9: ω H2O = 0.0, ω H2 = 3.0, ω O2 = 1.5, ω CO = 1.9, ω CO2 = 3.8 and ω N2 = 2.0; in R11: ω H2O = 14.0, ω H2 = 2.0, ω O2 = 0.78, ω CO = 1.9, 

and ω CO2 = 3.8; in R18: ω H2O = 7.5, ω H2O2 = 7.7, ω H2 = 3.7, ω O2 = 1.2, ω CO = 2.8, ω CO2 = 1.6 and ω N2 = 1.5; in R24: ω H2O = 12.0, ω H2 = 2.5, ω CO = 1.9 and ω CO2 = 3.8; in 

R28: ω H2O = 6.0, ω H2 = 2.5, ω CO = 1.9 and ω CO2 = 3.8. " 
√ 

" marks remaining reactions in the reduced reaction mechanisms. 

Table A3 

Surface and gaseous species in the reduced reaction mechanisms. 

Species Reduced mechanisms 

1 2 3 4 5 6 7 8 

RM1 RM2 RM3 

H(s) 
√ √ √ √ √ √ √ √ √ √ 

O(s) 
√ √ √ √ √ √ √ √ √ √ 

OH(s) 
√ √ √ √ √ √ √ √ √ √ 

H 2 O(s) 
√ √ √ √ √ √ √ √ √ √ 

CO(s) 
√ √ √ √ √ √ √ √ √ √ 

CO2(s) 
√ √ √ √ √ √ √ √ √ √ 

C(s) 
√ 

HCOO(s) 
√ √ √ √ √ √ √ √ √ √ 

Pt(s) 
√ √ √ √ √ √ √ √ √ √ 

H 2 

√ √ √ √ √ √ √ √ √ √ 

CO 

√ √ √ √ √ √ √ √ √ √ 

O 2 

√ √ √ √ √ √ √ √ √ √ 

H 

√ √ √ √ √ √ √ √ 

O 

√ √ √ √ √ √ √ √ 

OH 

√ √ √ √ √ √ √ √ 

H 2 O 

√ √ √ √ √ √ √ √ √ √ 

HO 2 

√ √ √ √ √ √ √ √ √ √ 

H 2 O 2 

√ √ √ √ √ √ √ √ √ √ 

CO 2 

√ √ √ √ √ √ √ √ √ √ 

HCO 

√ √ √ √ √ 

CH 2 O 

N 2 

√ √ √ √ √ √ √ √ 
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