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Abstract

Catalytic combustion and conversion of methane is investigated numerically for transient one-dimensional ¯ow

con®gurations (catalytic foil and catalytic wire). The reactive ¯ow is coupled with the processes at the gas±surface interface.

The analyses include detailed reaction mechanisms in the gas phase and on the surface as well as a detailed transport model.

Computational tools are applied to study the ignition of heterogeneous methane oxidation on a platinum foil and the transition

from heterogeneous to homogeneous combustion in this system. Furthermore, the interaction of gas phase and surface

reactions in catalytic conversion of methane is considered. Time-dependent selectivity and conversion are calculated. # 1998

Elsevier Science B.V. All rights reserved.
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1. Introduction

Catalytic combustion and catalytic conversion of

methane have received extensive experimental and

theoretical attention in the last years because of their

potential to reduce pollutant emissions and to synthe-

size useful chemicals. The description of such hetero-

geneous processes requires the coupling of reactive

¯ow with the catalytic surface. Therefore, computa-

tional tools were developed recently that provide

opportunities to analyse the elementary chemical pro-

cesses occurring at the gas±surface interface and

couple them to the surrounding gas phase. In contrast

to previous simulations [1,2], the new numerical codes

are also able to compute transient problems. The aim

is to achieve a quantitative understanding of catalytic

combustion and conversion.

Here, the numerical simulation is applied to the

catalytic combustion of methane±air mixtures ¯owing

on a platinum foil that is heated resistively. The

heterogeneous ignition is considered and explained

by elementary steps occurring at the gas±surface

interface. If the catalyst temperature is increased after

catalytic ignition by further heating, the formation of a

¯ame in front of the catalytic foil is observed experi-

mentally. This transition from heterogeneous to homo-

geneous combustion is simulated.

The oxidative coupling of methane in the presence

of catalyst is usually carried out at temperatures

over 900 K. Hence, a complex interaction between

heterogeneous and homogeneous reactions occurs

and, besides the C2-hydrocarbons, by-products like

H2O, CO, CO2, and H2 are formed. Here, the cata-

lytic conversion of methane is modelled using

different surface reaction models and coupling them

to the surrounding reactive ¯ow. Selectivity and
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conversion are calculated as a function of time to

investigate the in¯uence of gas phase and surface

kinetics.

2. Numerical model

Two simple con®gurations particularly amenable to

experiment and simulation were modelled: the stag-

nation ¯ow ®eld over a catalytic active foil and a

chemical reactor containing a catalytically active wire

as shown in Fig. 1. Here, the reactive ¯ow has to be

coupled with heterogeneous chemical and transport

processes at the catalytic surface. The mathematical

models are based on the numerical solution of the

governing equations in their one-dimensional form,

considering the geometry of the problem. The inde-

pendent variables are time and distance normal to the

catalytic surface.

In the stagnation ¯ow con®guration, a ¯ow with

uniform velocity distribution is imposed at a certain

distance from the ¯at foil. By con®ning the attention to

the center of this foil, edge effects can be neglected,

permitting use of the one-dimensional analysis of the

Navier±Stokes equations describing this system [1].

The dependent variables are density, momentum,

temperature, and mass fraction of each gas phase

species. These variables are independent of the radius

(r) and depend only on the distance from the foil (x)

and time. This system is closed by the ideal gas law.

This boundary-value problem is solved as stated by

Evans and Greif [3] and Kee et al. [4].

For the wire con®guration, a cylindrical computa-

tional domain around the wire (placed along the

cylindrical axis) is used. The governing equations

are used in their one-dimensional form (cylindrical

coordinates, independent of z-axis), where only the

distance from the wire (r) and time are the independent

variables [5,6].

The state of the catalytic surface is described by its

time-dependent mean temperature and mean coverage

with adsorbed species. Balance equations are estab-

lished to couple the surface processes with the reactive

¯ow. The species mass fractions (Yi) at the gas±surface

interface are determined by a mass balance consider-

ing diffusive (ji) and convective (u) mass transport as

well as the creation or depletion rate of species by gas

phase ( _!i) and surface reactions (_si):Z
�
@Yi

@t
dVgas � ÿ

Z
�ji � �Yiu�n dA�

Z
_siMi dA

�
Z

_!iMi dVgas �i � 1; . . . ;Ng�

where � is the gas density, Mi the molar mass of the

species i, A the active catalytic surface area, Vgas the

gas phase control volume adjacent to the surface and

Ng the number of gas phase species. The so-called

Stefan velocity (u) occurs at the catalytic surface

Fig. 1. Model of a stagnation flow over a foil (left) and model of a cylindrical chemical reactor (Ra) containing a catalytic wire (Ri) at its

centerline (right).
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if there is a net mass ¯ux between the surface

and the gas:

nu � 1

�

XNg

i�1

_siMi

where n is the outward-pointing unit vector normal to

the surface.

The temperature (T) of the catalyst is derived from

various contributions to the energy balance at the gas±

surface interface. The conductive, convective and

diffusive energy transport from/to the gas phase adja-

cent to the surface as well as the chemical heat release,

thermal radiation and external energy sources (e.g.,

resistive heating of the catalyst) are included. This

results inZ
�cp

@T

@t
dVgas �

Z
�catccat

@T

@t
dVcat

�
Z
�
@T

@r
dAÿ

XNg

i�1

Z
hi ji � �Yiu� �n dA

ÿ
Z
�" T4 ÿ T4

ref

ÿ �
dAÿ

XNg�Ns

i�Ng�1

Z
_sMihi dA

ÿ
XNg

i�1

Z
_!iMihi dVgas � Qext

where cp is the speci®c heat capacity of the gas, ccat the

speci®c heat capacity of the catalyst, �cat the density of

the catalyst, � the thermal conductivity, � the Stefan±

Boltzmann constant, " the surface emissivity (depen-

dent on temperature), Tref the reference temperature to

which the surface radiates, hi the speci®c enthalpy of

species i, and Qext the external energy source (e.g., I2R

for resistive heating of the catalyst). Ns is the number

of surface species and Vcat is the catalyst control

volume included in the energy balance.

The variation of the surface coverage (�i), that is,

the fraction of surface sites covered by species i, is

calculated from surface reaction rates according to

@�i

@t
� _si

ÿ
�i � Ng � 1; . . . ;Ng � Ns�

where ÿ is the surface site density of the catalyst.

A simpli®ed multi-component transport model

including thermal diffusivity is included in the

governing equations. The diffusive mass ¯ow is

calculated by

ji � ÿ�
Yi

Xi

Di;M grad Xi ÿ DT
i

T
grad T

where Xi is the mole fraction of species i, Di,M the

effective diffusion coef®cient of species i in the

mixture, and Di
T the thermal diffusion coef®cient of

species i.

The chemistry is modelled by a set of elementary

reactions in the gas phase and on the surface as well.

For gas phase reactions, the temperature dependence

of the rate coef®cient of forward reaction k is

described by a modi®ed Arrhenius expression:

kfk
� Ak T�k exp

ÿEak

RT

� �
For reversible reactions, the reverse rate coef®cients

are calculated by the equilibrium constant using ther-

modynamic data.

The chemical processes on the surface are treated

by a formalism very similar to that for gas phase

reactions by resolution into elementary reactions

[7,8]. The production rate �_si� for each species is

written as

_si �
XKs

k�1

�ikkfk

YNg�Ns

i�1

�Xi��
0
ik

Here, Ks is total number of elementary surface

reactions (including adsorption and desorption), vik,

v0ik the stoichiometric coef®cients (right minus left side

of reaction equation, left side), kfk the forward rate

coef®cient, and [Xi] represents the concentration of

species i. For adsorbed species, the concentration are

given in (mol mÿ2). The problem here is to ®nd proper

reaction rate coef®cients. Furthermore, the rate coef-

®cients of adsorption, desorption, and surface reac-

tions can also depend on surface coverage. This

coverage dependence is taken into account by an

additional factor leading to the following rate expres-

sion for the rate coef®cient of the forward reaction k:

kfk
� AkT�k exp

ÿEak

RT

� � YNs

i�1

�
�ik

i exp
�ik �i

RT

� �
Here, the factor �� has to be considered in connection

with the factor [X]n in the equation for _si.

The numerical solution of the resulting partial

differential equation system is performed by the
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method of lines. Spatial discretization using ®nite

differences on statically adapted grids leads to large

systems of ordinary differential and algebraic equa-

tions. These systems of coupled equations are solved

by an implicit extrapolation method using the software

package LIMEX [9]. The codes compute species mass

fractions, temperature, and velocity (in the stagnation

¯ow case) pro®les in the gas phase, ¯uxes at the gas±

surface interface, and surface temperature and cover-

age as a function of time. Since the codes are fully

time-dependent, transient phenomena like ignition,

oscillation, extinction or catalyst poisoning can be

described.

3. Catalytic combustion of methane

The heterogeneous and homogeneous oxidation of

methane in a stagnation point ¯ow con®guration is

studied as an example of the catalytic combustion of

methane. CH4±air mixtures ¯ow slowly at atmos-

pheric pressure onto a platinum foil heated resistively.

The initial gas is at room temperature and the inlet

velocity is 10.9 cm sÿ1 at a distance of 6.1 cm from

the catalytic foil. This corresponds to a volumetric

¯ow of 7 slpm (standard litre per minute). The foil

temperature is increased stepwise by supplying elec-

tric power to the foil. When reaching the catalytic

ignition temperature (depending on CH4±air ratio), the

temperature of the catalyst rises rapidly due to heat

release by the exothermic surface reactions. Details of

the experimental setup and procedure can be found

elsewhere [10].

Using the computational tools, which simulate the

stagnation ¯ow ®eld, the transient behaviour during

catalytic ignition is considered. The gas phase reaction

scheme is taken from modelling work of homoge-

neous reactive ¯ow including reactions of the C1 and

C2 species [11,12]. The surface reaction scheme is

based on studies of catalytic methane oxidation and

involves 10 surface species and 26 surface reactions

[2,13]. The kinetic data used in the present study are

taken from recent simulations of catalytic ignition of

nitrogen-diluted CH4±O2 mixtures on platinum [14].

The transient numerical code offers an insight into

the time-dependent behaviour of surface coverage and

temperature during ignition. Fig. 2 shows the surface

properties for a stoichiometric CH4±air mixture after

the foil is heated up to 815 K. The time scale is zero at

the time of the last current increase before ignition

takes place. The Pt surface is mainly covered by

oxygen (O(s)) indicating that recombinative loss of

oxygen must occur before methane can be adsorbed to

initiate the ignition process. The global process is

limited by the availability of uncovered surface sites

(Pt(s)) before ignition. When the chemical heat,

released by surface reactions, exceeds a critical value,

the reaction becomes self-accelerating (ignition) and

develops into a new stationary state controlled by mass

transport. This transition occurs at t � 16 s in Fig. 2.

After ignition, a suf®cient number of free surface sites

(Pt(s)) is available for adsorption of methane and

oxygen, and the global process is controlled by diffu-

sion of reactants toward the catalyst and products

away from the catalyst. Fig. 3 clearly shows this mass

transport effect. Strong gradients of the gas phase

mole fraction of methane develop during ignition

and the methane concentration is almost zero at the

catalyst.

The experimentally observed increase of ignition

temperature with decreasing methane±air ratio [10,15]

is explained by the oxygen blocking before ignition

[14]. A prerequisite for ignition is that the uncovered

surface area (Pt(s)) is large enough to achieve adsorp-

tion rates of oxygen as well as methane molecules

which give a high enough methane oxidation rate.

Before ignition, the surface is mainly covered by

Fig. 2. Calculated time-dependent surface coverage and surface

temperature of the platinum foil during heterogeneous ignition of a

stoichiometric CH4±air mixture. The time is zero at the final

increase of electric current before ignition.
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oxygen as discussed above. Since the adsorption rate

depends on the gas phase concentration, higher oxy-

gen concentrations in the gas phase lead to larger

oxygen coverage and fewer uncovered surface sites at

a given temperature. Consequently, the temperature

must be increased to reach the number of uncovered

surface sites which is necessary for ignition. There-

fore, the ignition temperature increases with decreas-

ing methane±oxygen ratio.

A further increase in foil temperature after catalytic

ignition, by a rise of electrical power applied to the

foil, leads ®nally to homogeneous ignition. The for-

mation of a stable ¯ame in front of the catalyst can be

observed experimentally [16]. The numerical simula-

tion of this transition from heterogeneous to homo-

geneous combustion is shown in Fig. 4; the transition

starts at 1.2 s. The strong gradient of the methane mole

fraction shifts from the catalyst into the gas phase

where the ¯ame is formed, as shown in Fig. 4(a). For

the lean mixture (pCH4
/pair � 0.07) discussed here

methane is completely consumed in the ¯ame.

Fig. 4(b) reveals the stepwise temperature increase

in the ¯ame zone. Here, only the hot exhaust gases

¯ow on the catalytic foil where thermal radiation leads

to a lower temperature in comparison to that of the

¯ame.

The calculated ignition temperatures (catalytic;

815 K for a stoichiometric mixture, homogeneous:

1300 K for a lean mixture with pCH4
/pair � 0.07) agree

with the data achieved experimentally [15,16]. A

forthcoming paper will discuss the dependence of

heterogeneous and homogeneous ignition tempera-

tures on CH4±air ratio.

4. Catalytic conversion of methane

The numerical code, which simulates a chemical

reactor containing a wire, is applied to gas-phase and

catalytic oxidative coupling of methane.

The gas phase reaction scheme is taken from

modelling work on homogeneous reactive ¯ow

[11,12]. The hydrocarbon mechanism used in the

calculations consists of 618 elementary reactions

of 54 chemical species considering reactions of the

C1±C4 systems.

As a ®rst example, simulation results for non-cat-

alytic oxidative coupling during the cofeeding of

methane and oxygen in an isothermal reactor (T �
1023 K, p � 1bar, pCH4

=pO2
� 2, �pCH4

� pO2
�=ptotal

� 0:7, He dilution) are shown in Fig. 5(a). The max-

imum ethane selectivity occurs at a residence time of

approximately 0.15 s. The methane conversion at this

short residence time is still low. Hence, the yield of

C2H6 hydrocarbons is very small. Ethylene is mainly

formed after an induction period from ethane. The

main intermediate species of CO and CO2 formation is

HCHO.

As a second step, the wire in the reactor is modelled

with a catalytic surface which is active for methane

conversion. Hereby, the heterogeneous processes are

modelled by elementary reactions in addition to the

gas phase mechanism. The diameter of the catalytic

wire is chosen to be 1 mm and a computational

domain of 1 cm in diameter is used. The same external

conditions are chosen as in the non-catalytic case. Two

different surface reaction mechanisms are discussed

and given in Table 1.

In the ®rst model, the catalytic effect consists of

breaking a C±H bond of the CH4 molecule to deliver

CH
�
3 radicals for further gas phase reactions. It is

assumed that 10ÿ4 of all CH4 molecules striking the

catalyst are dissociated on the surface. The CH
�
3

radicals desorbing from the surface initiate different

gas phase chain reactions leading to CO/CO2 (mainly

via CH2O/CH3OH) or leading to C2-species (via CH
�
3

recombination to C2H6). Selectivity and conversion at

Fig. 3. Calculated methane mole fraction in the gas phase as a

function of time and distance from the catalytic foil (x) during

heterogeneous ignition of a stoichiometric CH4±air mixture on a

platinum foil. The time is zero at the final increase of electric

current before ignition. The figure corresponds to Fig. 2.
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the outer boundary of the computational domain,

5 mm away from the catalyst, are shown in Fig. 5(b).

Oxygen is consumed relatively fast, so the oxidation

of methane is over after this period. However, methane

conversion to ethane and ®nally to ethylene continues

because the catalytic CH
�
3 production is not in¯uenced

by oxygen. Aside from the rate coef®cients of the

catalytic reactions, the rate coef®cients of the gas

phase recombination CH
�
3 � CH

�
3 ! C2H6 have to

be known very accurately in order to model methane

conversion.

In the second model, adsorbed oxygen is a prere-

quisite for CH
�
3 formation, as shown in Table 1.

Hydrogen atoms (coming from CH4 destruction) form

water with oxygen or recombine to leave the surface as

molecular hydrogen. CH
�
3 radicals on the surface can

desorb into the gas phase. Furthermore, the complete

oxidation of CH4 on the surface is possible. Here, a

Fig. 4. Calculated methane mole fraction in the gas phase (a) and temperature (b) as a function of time and distance from the catalytic foil (x)

during transition from heterogeneous to homogenous combustion of a lean CH4±air mixture (pCH4
/pair � 0.07). The time is zero at the final

increase of electric current before gas phase ignition. A different orientation of the x-axis is chosen in Fig. 4(b) for better visualization; the

catalyst is always at x � 0 and shown in Fig. 1.
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competition between desorption and oxidation of

CH3(s) in¯uences selectivity. The simulation shows

that the conversion process is almost terminated after

oxygen is completely consumed, Fig. 5c.

The interaction of kinetics and transport processes

is revealed in Fig. 6. Here, the second surface reaction

model is used to simulate the catalytic conversion of a

methane±oxygen mixture with pCH4
/pO2
� 10 (other-

wise, the same conditions are used as described

above). Ethane is formed close to the catalyst as a

result of desorbing CH
�
3 radicals as long as oxygen is

available. In contrast to ethane, ethylene does not

show strong radial gradients. Hence, ethylene is

formed after ethane diffusion through the reactor.

5. Conclusions

The computational tools developed allow the mod-

elling of transient processes of catalytic methane

oxidation and conversion. The global behaviour of

the heterogeneous reactive system can be explained by

Fig. 5. Calculated conversion (CH4, O2) and C atom selectivity of

products (CO, CO2, C2H4, C2H6, HCHO, CH3O) for a methane/

oxygen mixture diluted by helium (pCH4
=pO2

� 2, (pCH4
� pO2

)/

ptotal � 0.7, ptotal � 1 bar, T � 1023 K) as a function of residence

Table 1

Surface reaction mechanisms used for the modelling of catalytic

methane conversion

Reaction Implemented

in model

CH4 � 2(s)! CH3(s) � H(s) 1

CH3(s)! CH3 � (s) 1,2

2 H(s)! H2 � 2 (s) 1,2

CH4 � O(s) � (s)! CH3(s) � OH(s) 2

H(s) � O (s)! OH(s) � (s) 2

H(s) � OH (s)! H2O � (s) 2

OH(s) � OH(s)! H2O � O(s) 2

O2 � 2 (s)! 2 O(s) 2

CH3(s) � (s)! CH2(s)�H(s) 2

CH2(s) � (s)! CH(s) � H(s) 2

CH(s) � (s)! C(s) � H(s) 2

C(s) � O(s)! CO(s) � (s) 2

CO(s) � O(s)! CO2� 2(s) 2

CO(s)! CO � (s) 2

(s) ± uncovered active surface site, A(s) ± species adsorbed.

time in an isothermal cylindrical reactor containing a wire as

shown in Fig. 1 (right). The data are taken at a distance of

r � 5 mm away from the wire. The chemistry model includes

only gas phase reactions (a), gas phase and surface reaction

model 1 (b), gas phase and surface reaction model 2 (c).
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elementary steps in the gas phase and at the gas±

surface interface. Catalytic systems, where proper

surface reaction mechanisms with the associated rate

expressions are known, can be described in detail and

the decisive steps can be elucidated, as was shown for

the catalytic methane oxidation on platinum. Other-

wise, more experimental and modelling work is

recommended (especially in determining rate coef®-

cients) to allow quantitative simulation of more com-

plex problems, such as the oxidative coupling of

methane. Inspite of that, simulations can lead to the

decisive reaction channels and to a better understand-

ing of such systems. Furthermore, parameter regions

of maximum selectivity and yield can be determined.
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