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a b s t r a c t

In this paper hydrogen assisted catalytic combustion of methane on rhodium is numeri-

cally modeled in steady condition. The aim of the work goes to better understand how the

addition of hydrogen affects the combustion of methaneeair. For this purpose, a micro

flatbed channel is investigated by a three-dimensional simulation including an

elementary-step surface reaction mechanism. It is clearly shown through a numerical

study that appropriate hydrogen addition increases the conversion of methane and ex-

pands the lower limit of burnable equivalence ratio. In addition, the main effect of

hydrogen is thermal when the mass fraction of hydrogen addition is less than 0.67%, while

not only thermal effect but also chemical effect appears when the mass fraction is more

than 0.67%. The sharp decreases of hydrogen fraction appear twice till hydrogen fraction

increases from 0.67%. In addition, the first abrupt decline increases Rh(s) coverage to create

favorable conditions for adsorption and oxidation of methane and it can suddenly reduce

the ignition temperature 15 K and advance ignition distance 3%. Thanks to the second

sharp decline, the adsorptionedesorption equilibrium of oxygen slowly shifts towards

desorption with increasing temperature to increase Rh(s) coverage.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

Micro devices have been playing a key role on human life for

aviation, spaceflight, automobile, biomedicine, environ-

mental regulation, military affair and so on, such as sensors,

micro medical devices, micro-pumps, micro-motors [1]. This

makes theoretical and experimental combustion work of the

micro energy power system has become a hot topic [2e4]. The

size of the micro combustor from millimeter to centimeter

scale is a strong result for a sharp increase in the rate of heat

loss and a significant shortening of time during which fuel

traverses through the channel. In many cases, the character-

istics size of the combustor is less than the flame quenching

distance. Thus, combustion in micro reactor is hard to main-

tain stability and high efficiency. Currently, catalytic reaction

has been usually adopted by loading the catalyst to transform

conventional combustion into wall combustion for the pro-

motion of combustion stability and the increase of methane

conversion in the micro-reactor.
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Although the catalyst is usually a noble metal in the

combustion of methane, this kind of catalyst for methane

catalytic reaction has some disadvantages. Because of a

higher sticking probability of O2 in comparison to that of CH4,

the surface sites Pt(s) are covered by O2, inhibiting the

adsorption of CH4 and the proceeding of reaction. It is

responsible for the increase of ignition temperature and

decrease of methane conversion. Adding a small amount of

hydrogen into fed gas can reduce the O(s) coverage of the wall

surface to improve the combustion. As a result, investigating

the hydrogen addition into hydrocarbon fuel is increasingly

favored by the researcher [5e8].

Yan et al. [9] have performed a numerical research to study

the combustion of methane under both catalytic and non-

catalytic conditions. Results indicate that hydrogen addition

obviously boosts the conversion rate of methane, especially

with catalytic. Furthermore, the O(s) coverage decreases with

hydrogen addition and the methane combustion moves to-

ward the more stabilized reaction as hydrogen is added [10].

Ran et al. [11] studied the catalytic oxidation of fuel-lean

CH4eH2 mixtures over Pt in a micro-channel. The results

show that the surface sites Pt(s) is covered by O(s), inhibiting

the adsorption of methane and resulting in a high ignition

temperature. The hydrogen addition can decrease the initial

reaction temperature and the ignition temperature of

methane. Zheng et al. [12] conducted an experiment of CO/O2

and CO/H2/O2 catalytic combustion in comparison with nu-

merical simulation. In the ignition phase, hydrogen addition

inhibits O2 from adsorbing, reduced the number of O(s) on the

wall. Zhong et al. [13,14] found that the effect of hydrogen on

the catalytic ignition process and temperature of n-butane

depends on the percentage of hydrogen added. When a small

amount of hydrogen is added, it has a thermal effect, while

adding more hydrogen gas causes it to have a chemical effect.

There is no unambiguous answer to the specific impact of

hydrogen addition on catalytic micro-combustion of

methane. In order to elucidate the mutual effect between

hydrogen and fuel, a methaneeair premixed combustion

adding hydrogen formed in micro channel is investigated.

Furthermore, the thermal and chemical effects of hydrogen

addition on combustion of methaneeair are studied numeri-

cally by a three-dimensional simulation including an

elementary-step surface reaction mechanism of rhodium

(Rh). This reaction calculates themass fluxes at thewall due to

surface reactions and the surface coverage with species

adsorbed by Arrhenius models.

Problem model and control equation

The micro flatbed combustor (20 mm � 4 mm � 1 mm, wall

thickness of 0.2mm) is utilized in this paper. The dimension of

the combustion chamber is very small and the gas velocity is

slow. So the Reynolds number based on the averaged inlet gas

velocity, gas kinematic viscosity at ambient conditions and

the characteristic length is approximately 10. Kuo et al. [15]

have suggested that laminar model more appropriately esti-

mates the characteristics in micro-reactor when the Reynolds

number is below 500, so laminarmodel is selected in ourwork.

This means that the volume force and dissipative effect in the

flow can be neglected. Meanwhile, the gas radiation is ignored

here. The fluid flow is described by the NaviereStokes equa-

tions, an energy conservation equation and additional con-

servation equations for each chemical species, so

mathematical equations are as follows.

Continuity equation :
v
�
ruj

�
vxj

¼ 0 (1)

where r is the density of the gas mixture, u is the velocity.

Composition equation : ruj
vYs

vxj
¼ v

vxj

�
Dr

vYs

vxj

�
þ Rs (2)

where Ys corresponds to the mass fraction of species s in

micro premix chamber, D is diffusion coefficient and Rs rep-

resents the consumption or decomposition rate. Both gas

phase species and surface species can be generated and

consumed by surface reactions. The consumption or decom-

position rate Rs is written as below,

Rs ¼
XKs

k¼1

n'skksk

YNgþNs

i¼1

½Xi�n00ik (3)

where Ks is the total number of elementary surface reactions,

n0sk is stoichiometric coefficient in forward direction of the

reaction k, n
00
ik is stoichiometric coefficient in negative direc-

tion of the reaction k, ksk is forward rate coefficient of the re-

action k. Ng is the number of gas phase species and Ns is the

number of surface species. [Xi] is the molar concentration of

surface species i. ksk is calculated by Arrhenius reaction source

of the reaction k as below,
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Here,Ak is the pre-exponential factor, bk is the temperature

exponent, Ea is the activation energy of reaction k,Qi is surface

coverage rate of species i, mik and 3ik are surface coverage

parameter. In addition, [Xi] is defined as below.

½Xi� ¼ GQi (5)

Here, G is the surface site density of the catalyst. The value

of 2.72�10�9 mol$cm�2 is used for the Rh catalyst in this study.

The surface of the catalytic is described by its coverage with

adsorbed species and its temperature. The temperature is

based on the governing equation for enthalpy as below.

Energy equation : ruj
vh
vxj

¼ v

vxj
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with h as enthalpy, q as heat of reaction and l as thermal

conductivity.

Momentum equation :
v

vxj
ðrujuiÞ ¼ �vp
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vuj
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(7)

with m as viscosity. This equation system is closed by the ideal

gas law.

Closure equation :
XNg

s¼1

Ys ¼ 1 (8)
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