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The catalytic ignition of a mixture of methane and air in a planar stagnation-point
flow o®er a platinum foil is studied. The heterogeneous reaction mechanism is modeled
with twel®e heterogeneous reactions, including the adsorption processes of both reac-
tants, the desorption kinetics of reactants and main products, and a set of surface
reactions of the Hinshelwood] Langmuir type. The critical conditions for the catalytic
ignition are found using high acti®ation energy asymptotics of the desorption kinetics of

( )the adsorbed reactant O s . The analytical results are compared with published experi-
mental data. The agreement is good, at least qualitati®ely.

Introduction
The catalytic ignition of fuelrair mixtures has received

considerable attention in the literature in the past few years,
due to its role in the startup in the automobile catalytic con-
verters, catalytic, and the catalytically assisted combustors
ŽPfefferle and Pfefferle, 1987; Rinmeno et al., 1993; Fassihi
et al., 1993; Deutschmann et al., 1996; Veser and Schmidt,

.1996; Bui et al., 1997a . Experimental and theoretical studies
of catalytic ignition have been published, increasing our
knowledge about several aspects related to this type of criti-

Žcal nonlinear process. Schmidt and coworkers Williams et
.al., 1991; Veser and Schmidt, 1996 presented experimental

results of the catalytic ignition of different hydrocarbons on
platinum using a stagnation-point flow configuration. They
showed that for methane, the critical ignition temperature
decreases as the mixtures become richer. The ignition proc-
ess has been studied from the theoretical point of view, by
either numerical simulations using elementary chemistry
ŽSong et al., 1990; Warnatz, 1992; Warnatz et al., 1994;

.Deutschmann et al., 1996; Bui et al., 1996, 1997a,b , or by
large activation energy asymptotic analyses using a one-step

Žoverall reaction mechanism Trevino and Fernandez-Pello,˜ ´
1981; Trevino, 1983; Trevino and Peters, 1985; Trevino and˜ ˜ ˜

.Mendez, 1996 . The basic principles of heterogeneous cataly-´
Žsis have been described elsewhere Ertl, 1982; Williams et

. Ž .al., 1992 . Williams et al. 1992 presented for the first time
a model for the catalytic combustion of hydrogen at high
temperatures. They presented the rate parameters of a de-
tailed surface chemistry. In a series of papers, Warnatz and

Ž .coworkers Warnatz, 1992; Warnatz et al., 1994 and Bui et

Ž .al. 1997c studied the catalytic combustion and ignition of
hydrogen using detailed kinetic mechanisms for both surface

Ž .and gas-phase reactions. Warnatz et al. 1994 compared their
results with previously reported data of Ljungstrom et al.¨
Ž . Ž .1989 . Deutschmann et al. 1996 studied the catalytic igni-
tion of different fuels on different catalyst materials. They
indicated that the ignition process is an abrupt transition
from a kinetically controlled system to one controlled by mass
transport, and that it depends mainly on the adsorption]
desorption reaction steps. In their numerical simulations they
showed that one or the other reactants almost covered the

Ž .surface prior to ignition. Behrendt et al. 1996 and Bui et
Ž .al. 1997b reported numerical calculations for methane and

air that compared well with experimental results. There is
a need to obtain reduced kinetic schemes for the catalytic
combustion that help to build a bridge between the full nu-
merical works and the theories developed using an overall
one-step reaction for the surface kinetics. In an earlier work,

Ž .Trevino 1998 presented an asymptotic analysis of the cat-˜
alytic ignition using a simplified model for the heterogeneous
chemistry with the adsorption]desorption reactions of both
reactants, one surface reaction, and the desorption of the
main product. The critical conditions for ignition have been
derived and, in a closed form, the parametric influence on
this critical process obtained. The relationship between this
simplified kinetic model and a one-step surface reaction has
been obtained.

The objective of this work is to extend the previous analy-
Ž .sis Trevino, 1998 to apply to the case of the heterogeneous˜
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ignition of methane on a platinum catalyst, using the stagna-
tion-point flow configuration, and to compare it with the ex-

Ž .perimental data reported by Veser and Schmidt 1996 .

Formulation
Gas-phase go©erning equations

The physical model under study is shown in Figure 1. A
premixed combustible mixture of methane and air, with mass
concentrations denoted by Y and Y , flows with a ve-CH ` O `4 2

locity gradient a and temperature T , perpendicular to a plat-`

inum plate of finite thickness h. The lower surface of the
plate is kept to the same temperature T . Due to the exother-`

mic heterogeneous reactions, the temperature at the catalyst
will rise, reaching the asymptotic value obtained from the
balance of the reaction heat and the heat losses to both sides.
The stagnation-point boundary layer governing equations for

Ž .the gas phase assumed to be frozen are the following:

­ ru ­ r ®Ž . Ž .
q s0 1Ž .

­ x ­ y

­ u ­ u ­ ­ u
2ru q r ® s m q r a x 2Ž .`ž /­ x ­ y ­ y ­ y

­ T ­ T ­ ­ T
ruc q r ®c s l 3Ž .p p ž /­ x ­ y ­ y ­ y

­ Y ­ Y ­ ­ Yi i i
ru q r ® s rD 4Ž .iž /­ x ­ y ­ y ­ y

for isCH , O , and the reaction products. Here u and ®4 2
are the longitudinal and transversal components of velocity,
respectively. The density, viscosity, specific heat at constant
pressure, and thermal conductivity of the gas-phase mixture
are represented by r, m, c , and l. D corresponds to thep i
diffusion coefficient of species i. The associated boundary

Figure 1. Physical model, showing the adopted flow
configuration.

conditions are the following

­ Y vW ­ Y vW sCH CH O O4 4 2 2us ®s y s y
­ y rD ­ y rDCH O4 2

­ T vQ l T yTŽ .w w `
s q y s0 at ys0 5Ž .

­ y l lh

uy axsT yT sY yY s0 for y™`. 6Ž .` i i`

Here W is the molecular weight of species i; s is the stoi-i
chiometric ratio of the oxidizer related to the fuel of the
overall surface reaction, s s2; Q is the heat released by the
surface reaction per unit mol of fuel consumed, considering
the global reaction CH q2O ™CO q2H O; l is the4 2 2 2 w
thermal conductivity of the plate material; v is the surface
reaction rate given in units of mol of fuel consumed by unit
time unit surface of the plate; and T corresponds to thew
temperature at the catalyst surface facing the combustible
gaseous mixture.

Heterogeneous reaction model
We consider a reaction model to describe the catalytic re-

actions of the fuel CH and the oxidizer O . The model is4 2
represented by the heterogeneous reaction mechanism shown

Ž .in Table 1 Deutschmann et al., 1996 . This mechanism does
not contain the adsorption]desorption of intermediate prod-
ucts like CO and H , as well the adsorption of H O. This is2 2
justified for ignition because the concentrations of all these
species are extremely low. However, in the diffusion-con-

Ž .trolled combustion ignited branch , these reactions have to
be considered, especially the adsorption of water vapor.

The reactions finishing with a and d represent adsorption
Ž .and desorption, respectively. Here Pt s denotes a free site

on the surface of the platinum catalyst. All surface reactions
are assumed to be of the Langmuir]Hinshelwood type. The
adsorption kinetics is given by a sticking probability, S , orj
accommodation coefficient, that represents the portion of the
collisions with the surface that successfully leads to adsorp-
tion. The rate of collisions, Z , can be computed using thew 'classic kinetic theory, with Z s pr 2p mkT , where p andw
m are the partial pressure and the mass of the involved

Table 1. Heterogeneous Reaction Model

No. Reaction S A E

Ž . Ž . Ž .1a CH q2Pt s ™CH s qH s 0.01 } }4 3
21Ž . Ž . Ž . Ž .2 CH s qPt s ™CH s qH s } 3.7=10 20.03 2
21Ž . Ž . Ž . Ž .3 CH s qPt s ™CH s qH s } 3.7=10 20.02
21Ž . Ž . Ž . Ž .4 CH s qPt s ™C s qH s } 3.7=10 20.0
21Ž . Ž . Ž . Ž .5 C s qO s ™CO s qPt s } 3.7=10 62.8
21Ž . Ž . Ž . Ž .6 CO s qO s ™CO s qPt s } 3.7=10 105.02
13Ž . Ž .7d CO s ™CO qPt s } 1=10 20.52 2

Ž .0.07 300rTŽ .8a O q2Pt™2O s } }2 21Ž . Ž .8d 2O s ™O q2Pt s } 3.7=10 213.2]60u2 O
21Ž . Ž . Ž . Ž .9 H s qO s ™OH s qPt s } 3.7=10 11.5
21Ž . Ž . Ž . Ž .10 H s qOH s ™H O s qPt s } 3.7=10 17.42
21Ž . Ž . Ž . Ž .11 OH s qOH s ™H O s qO s } 3.7=10 48.22
13Ž . Ž .12 d H O s ™H OqPt s } 1=10 40.32 2

Ž . Ž .Units: A mol ? c ? s , E kJrmol .
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species, and k is the Boltzmann constant, ks1.38=1023 JrK.
On the other hand, the desorption kinetics is well repre-
sented by an Arrhenius law with a high activation energy for
the important adsorbed species. The adsorbed species con-
centrations can be represented by the surface coverage u de-i
fined by the number of sites occupied by surface species i to
the total number of available sites. For the adsorbed species,
the steady-state governing equations are then given by

duCH3 2s k u y k u u s0 7Ž .1a V 2 CH V3dt

duCH2 s k u u y k u u s0 8Ž .2 CH V 3 CH V3 2dt

duCH
s k u u y k u u s0 9Ž .3 CH V 4 CH V2dt

duC
s k u u y k u u s0 10Ž .4 CH V 5 C Odt

duCO
s k u u y k u u s0 11Ž .5 C O 6 CO Odt

duCO2 s k u u y k u s0 12Ž .6 CO O 7d CO 2dt

duO 2s2k u y k u u y k u u8a V 5 C O 6 CO Odt

y k u u q k u 2 y2k u 2 s0 13Ž .9 H O 11 OH 8d O

du H 2s4k u y k u u y k u u s0 14Ž .1a V 9 H O 10 H OHdt

duOH 2s k u u y k u u y2k u s0 15Ž .9 H O 10 H OH 11 OHdt

du H O2 2s k u u q k u y k u s0 16Ž .10 H OH 11 OH 12 d H O2dt

u qu qu qu qu quCH CH CH C CO CO3 2 2

qu qu qu qu qu s1. 17Ž .O H OH H O V2

Here u denotes the surface coverage of empty or vacantV
sites. All the reaction rates in Eqs. 7 to 17 are in 1rs units. In
this sense, the reaction rates given in Table 1 can be trans-
formed to the appropriate units by

S pY W S pY WCH CH w O O w4 4 2 2k s , k s 18Ž .1a 8 a3r2 3r2' 'GW 2p RT GW 2p RTCH O4 2

k s A exp y E rRT for r s7d , 12 d 19Ž .Ž .r r r

k sGA exp y E rRT for r s2, 3, 4, 5, 6, 8d , 9, 10, 11,Ž .r r r

20Ž .

where G is the surface molar concentration in molrcm2, and
Ž 15 2.corresponds to the surface site density ;10 sitesrcm di-

vided by the Avogadro number, A®s6.02283 ?1023 mole-
culesrmol. G,1.6603 ?10y9 molrcm2; R is the universal gas
constant; and W and W are the molecular weight of the mix-i

ture and species i, respectively. The reactant concentrations
Y and Y are the concentrations close to the catalyticCH w O w4 2

surface and are to be obtained after solving the coupled gas-
phase equations with the governing equations for the surface
coverage of the adsorbed species. We can see that the stick-
ing coefficients of both reactants are very different, in such a

Ž .way that the most efficient adsorbed species, O s , almost
Žcovers the whole catalytic surface at low temperatures below

.the ignition conditions . The sticking probability of the
molecular nitrogen N is extremely low, and thus its influ-2
ence on the surface reactions can be neglected. At low tem-
peratures, the sticking probability of molecular oxygen is large
compared with that of the methane, making the surface cov-
erage of adsorbed atomic oxygen very close to unity, u ™1.O
From Eqs. 7 to 17 we find that the surface coverage of all the
following species are related to u , u , and u as well asV OH O
the temperature, as

k k1a 1a
u s u , u s u ,CH V CH V3 2k k2 3

k k u 2
1a 1a V

u s u , u s 21Ž .CH V Ck k u4 5 O

k u 2 k 4k u 2
1a V 1a 1a V

u s , u s u , u s .CO CO V H2k u k k u q k u6 O 7d 9 O 10 OH

22Ž .

Therefore, the steady-state heterogeneous governing equa-
tions reduce to

duO 2 2 2s2k u y4k u y2k u s0 23Ž .8a V 1a V 8 d Odt

du 4k u 2 uOH 1a V OH2 2s2k u y k y k u s0 24Ž .1a V 10 11 OHdt k u q k u9 O 10 OH

du 24k u uH O 1a V OH2 2s k q k u y k u s0,10 11 OH 12 d H O2dt k u q k u9 O 10 OH

25Ž .

together with Eq. 17, for the four unknowns u , u , u ,O OH H O2

and u .V

Gas-Phase Nondimensional Governing Equations
Ž .For the gas phase, a stream function c x, y is introduced
Ž .to satisfy the mass-conservation equation Eq. 1 : rus­cr­ y

and r ®sy­cr­ x. We also define the following nondimen-
sional variables

c a y
X Xf s , hs r x , y dy ,Ž .H( r mx r m a' 0` `` `

c W T yT WŽ .p CH ` CH4 4
Fs , Y sY , Y s Y .CH CH O O4 4 2 2Q s WO2

26Ž .
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The resulting nondimensional governing equations now take
the form

23 2d f d f r df`
q f q y s0 27Ž .3 2 ž /r dhdh dh

d2Y dY d2F dFi i
q fSc s q fPr s0, 28Ž .i2 2dh dhdh dh

where Pr is the Prandtl number of the gaseous mixture, Pr s
mc rl, and Sc are the Schmidt numbers of the species, ScP i i
smrrD . The nondimensional boundary conditions are theni
given by

df dY dFi
f s s yGLe s qGyg F s0i wdh dh dh

at hs0 29Ž .
df

y1sFsY yY s0 for h™`, 30Ž .i i`dh

where

W PrvSc l m CHi w ` 4Le s , g s and Gs , 31Ž .i 2(Pr l r ah r m a'` ` `

where g is the heat-loss parameter and must be very small
compared with unity. The reaction rate v, which can be ob-
tained from Eqs. 7 to 12, is given by

v s k u 2 G. 32Ž .1a V

Asymptotic Solution
From Eq. 23 we obtain the relationship between u andV

u asO

u 2 s K u 2 , 33Ž .V 8 O

Ž .where K s k r k y2k is a function mainly of the tem-8 8d 8 a 1a
perature. Figure 2 shows the values of the heterogeneous re-
action rates k as a function of the inverse of the tempera-j
ture 1,000rT , for a stoichiometric mixture of methane and
air. The rates of the desorption reactions for both important

Ž . Ž . Ž . Ž .products CO s k and H O s k are very high, indi-2 7d 2 12 d
cating the relative low concentrations of both products. The
slowest rate at all corresponds to the desorption reaction of
the absorbed atomic oxygen, k . This rate plays an essential8d
role in determining the ignition condition. The adsorption
rate of the molecular oxygen is at least one order of magni-
tude larger than the adsorption rate of methane, showing that
the adsorbed oxygen atoms almost cover the catalytic surface
for temperatures below the ignition temperature. Figure 3
shows the evolution of the surface coverage of the surface
species as a function of temperature, after solving the set of
equations, Eqs. 7 to 17, by assuming that the reactant con-
sumption is negligible, that is, Y sY . The surface cover-iw i`

Figure 2. Rates of the most important heterogeneous
reactions as a function of the temperature: all
the rates are given in sI1.

Ž .ages of O s is almost unity for temperatures T F800 K. For
Ž .higher temperatures, the desorption process of O s is now

important, increasing the possibility of adsorbing the fuel
species needed for the surface reactions. Surface coverages
of O and V are the most important, neglecting all other con-
tributions to Eq. 17, that is, u qu ,1. Therefore, for val-O V
ues of u ;1, u ; K . Figure 4 shows the reaction rates'O V 8
of the three surface reactions, Eqs. 9]11, where the radical

Ž .OH s plays an important role. Equation 9 is extremely fast,
thus reducing drastically the surface coverage of atomic hy-
drogen, making Eq. 10 very slow compared with Eq. 11.
Therefore, we get an excellent approximation by neglecting
Eq. 10 compared with the other two, since the adsorbed

Ž .H O s is produced mainly by Eq. 11. In this case, u can be2 H
approximated by

4k1a
u ; K . 34Ž .H 8k9

Figure 3. Surface coverage of the surface adsorbed
species as a function of the temperature.
Reactant consumption is assumed negligible for this calcula-
tion. This behavior is valid for temperatures below the igni-
tion temperature.
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Figure 4. Reaction rates of the surface reactions involv-
( )ing the adsorbed species OH s .

Reaction 10, given in the figure, is extremely slow and can
be neglected when obtaining the critical conditions for igni-
tion.

The chemical reaction is then governed by the adsorption of
the fuel as well the adsorption]desorption kinetics of oxygen.
From Eq. 33 we obtain a quadratic equation for u asV

2 K K8 82u q u y s0, 35Ž .V V1y K 1y K8 8

with the solution

3r2u s K y K qO K 36' Ž .Ž .V 8 8 8

3r2u s1y K q K qO K , for K ™0. 37' Ž .Ž .O 8 8 8 8

The reaction rate can be approximated well by

v s k u 2 G,Gk K , 38Ž .1a V 1a 8

where we use the leading-order term in u 2 , neglecting theV
terms of order K 3r2. Due to the fact that k has a large8 8d

Ž Ž ..activation energy desorption of O s , the surface reaction
rate is strongly dependent on temperature. The surface
chemical reaction produces vacant sites that are rapidly occu-
pied by fresh adsorbed species. Additional free sites are ob-
tained when the newly generated adsorbed product of the
surface reaction is rapidly desorbed. The surface reaction is
exothermic, thus increasing the temperature and therefore

Ž .increasing the desorption of O s . This process finally leads
to a thermal runaway, which characterizes the catalytic igni-
tion process. In Eq. 38, it is shown that the reaction rate
depends on the adsorption kinetics of both reactants and in
the desorption kinetics of oxygen, which depends strongly on
temperature. To generate the ignition conditions, it is enough
to consider a temperature increase due to the heterogeneous
reactions of the order T yT ; RT rE . It is then conve-w ` ` 8 d
nient to define a new variable of order unity for the nondi-
mensional temperature as

E Q8d
w s F;1. 39Ž .2c W RTp CH `4

With this new variable, the nondimensional governing equa-
tions take the form

23 2d f d f df
q f q1qew y s0 40Ž .3 2 ž /dhdh dh

d2 y dy d2w dwi i
q fSc s q fPr s0, 41Ž .i2 2dh dhdh dh

with the boundary conditions

df dyi
f s s yD exp wŽ .wdh dh

dw
s qD exp w ygw s0 at hs0 42Ž . Ž .w wdh

df
y1sw s y y y s0 for h™`, 43Ž .i i`dh

where

Y Qi
y s andi eLe c W Ti p CH `4

Q Pr
Ds k GK , 44Ž .1a 8`ec T r m a'p ` ` `

where K is K computed with T sT . For large activation8` 8 `

Ž .energy of the desorption reaction for the fuel, e s RT r E` 8 d
™0, the temperature variation close to the ignition condition
is very small, and thus in a first approximation both adsorp-
tion reactions can be assumed to be temperature independ-
ent. The Damkohler number for the surface reactions is ex-¨
pressed as D. In the limit e ™0, the solution to Eqs. 40 to 43

Ž .can be found elsewhere Trevino, 1983 :˜

dyi 2r5s0.57Sc y y y sD exp w 45Ž . Ž . Ž .i i` iw wdh hs 0

dw
2r5sy0.57Pr w syD exp w qgw . 46Ž . Ž .w w wdh hs 0

The first equation takes into account reactant consumption.
From Eq. 46 we can obtain the critical conditions for cat-
alytic ignition as

2r50.57Pr 1qgŽ .
D sI exp 1Ž .

where

g
g s . 47Ž .2r50.57Pr

From Eq. 45, the reactants’ concentration at the wall, at igni-
tion conditions, is given by

eLe3r5c W Ti p CH `4Y sY y 1qg . 48Ž . Ž .iw i` Q
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In general, for practical purposes, reactant consumption can
be neglected in obtaining the critical conditions for igniting
the catalyst. The mass diffusion in the boundary layer is then
important after reaching ignition conditions. In the ignited
branch, the strong surface reactions are diffusion limited.

Conclusions
The ignition condition given by Eq. 47, with the definition

of the Damkohler number given in Eq. 44, represents para-¨
metric dependence on the catalytic ignition. The ignition
process depends on the adsorption kinetics of both reactants
and the desorption kinetics of oxygen. The Damkohler num-¨
ber for ignition is then given by

E8d2G A exp y8dQ E Pr RT8d `
D sI 3r2c T RT r m a' S Y Wp ` ` ` ` O O w CH2 2 4 y23r2ž /S Y WCH CH w O4 4 2

2r50.57Pr 1qgŽ .
s . 49Ž .

exp 1Ž .

The ignition temperature can be obtained from the transcen-
dental Eq. 49. Due to the fact that in general the activation
energy of the desorption reaction is very large, the ignition
temperature has a weak logarithmic dependence on the phys-
ical flow parameters. In order to obtain the ignition tempera-
ture, we must give the value for the activation energy of the

Ž .desorption of O s , E s213.2y60u . This means that the8d O
Ž .surface coverage of O s has to be obtained at the ignition

conditions, u s1y K 1r2. Figure 5 shows the ignition tem-O 8`

perature of a mixture of methane and air as a function of
Ž .fuel concentration fr 1qf . Here f denotes the fuel-to-air

Žmass ratio related to the stoichiometric value, so f s1 or
Ž . .fr 1qf s0.5 then indicates the stoichiometric mixture.

For this case, we used a velocity gradient of as20 sy1. For
comparison, the experimental results by Veser and Schmidt
Ž .1996 , represented by triangles, are also shown. The experi-
mental conditions reported by these authors are very differ-
ent from those assumed in this work. Veser and Schmidt used
an externally heated catalytic foil, where the mixture temper-
ature corresponds to the room temperature. In the present
article, the mixture temperature corresponds to the ignition
temperature, without any external power supply. Establish-
ment of a relationship between the ignition temperatures us-
ing these two different experimental conditions is left for
future work. However, using both experimental configura-
tions, the trends have to be similar. The curve denoted by
open rectangles corresponds to the case where the activation
energy of the desorption reaction 8d is assumed with a sur-

Ž .face coverage of O s of unity, that is E s213.2y60s153.28d
kJrmol. Using this value, the asymptotic solution underesti-
mates the ignition temperature by 100 K. However, when we
try an activation energy of the desorption reaction of E s8d
177.2 kJrmol, the asymptotic solution plotted with solid cir-
cles shows very good agreement with the experimental re-
sults, except for very rich mixtures. Because of the very high
value of the activation energy involved, the asymptotic solu-
tion reflects closely the numerical solution of the governing

Figure 5. Ignition temperature of the mixture of methane
and air over a platinum foil in a stagnation-
point flow as a function of the mixture equiva-

( )lence ratio frrrrr 1Hf .
The asymptotic results are given for a velocity gradient as
20 sy1. The open rectangles correspond to a surface cover-

Ž .age of O s of unity in computing the activation energy of
the desorption reaction 8d. The solid circles correspond to
an activation energy of the desorption reaction 8d of E s8d
177.2 kJrmol. The triangles correspond to the experimental

Ž .results reported by Veser and Schmidt 1996 .

equations. The ignition temperature is highly dependent on
the activation energy of reaction 8d and the ratio of the ad-
sorption rates of both reactants

3r2S Y WO O w CH2 2 4 . 50Ž .3r2S Y WCH CH w O4 4 2

This ratio is close to 10 for a stoichiometric mixture, and so
its influence is weak. As the mixtures becomes richer, the
adsorption rate of the fuel increases, reducing this ratio, and
thus reducing the ignition temperature. For values of f of
order 4, this ratio becomes very close to 2, and then the de-
nominator of Eq. 49 rapidly decreases, which also decreases
the ignition temperature. In this condition, however, the sur-

Ž .face coverage of O s stops being close to unity, which means
that the main assumption used to develop the asymptotic so-
lution is not fulfilled anymore resulting in the breakdown of
the solution. Theoretically, for extremely rich mixtures, the
adsorption rate of methane becomes more important, which
would cause the direction of the ignition temperature with f
to reverse.
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