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Abstract

Transient ignition process of premixed stagnation-point flows over a catalytic surface of a solid plate with a finite

thickness is investigated numerically in this work. The results reveal that the thermal runaway criterion instead of the

zero-gradient criterion is preferred for the problem of interest. Depending on system parameters, both the ignition delay

and the critical rate of catalytic reactions at ignition are either conductively or catalytically controlled. The effects of

catalytic reactions on ignition are positive and negative for catalytically and conductively controlled ignition mecha-

nisms, respectively. According to these two ignition mechanisms, the qualitative and quantitative results of the ignition

delay and the critical rate of catalytic reactions at ignition are systematically analyzed. In particular, the minimum

ignition delay and the C-shaped ignition curve are discussed.

� 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Transient ignition process of the premixed combus-

tible gas in stagnation-point flows over a catalytic plate

with a finite thickness is investigated numerically. For a

transient approach to ignition, a relevant question to ask

frequently is how long it will take to ignite the mixture

rather than whether the combustible mixture is ignitable

or not.

The ignition criteria for various flow systems were

analyzed in detail [1–20]. However, these ignition criteria

were obtained according to the steady-state model. The

analysis of ignition delay was absent. The minimum wall

temperature at ignition instead of ignition delay was

predicted. The steady ignition criteria were frequently

identical with the zero-gradient criterion because the

expression of oTg=oy ¼ 0 at wall was derived by the

steady ignition criteria. Physically, the chemical reaction

near the wall is self-sustaining according to the zero-

gradient criterion because no more heat from the hot

wall is needed in the gas phase. Strictly speaking, this

self-sustaining state is not equivalent to the thermal

runaway state which is followed by flame propagation.

The thermal runaway criterion implies that a premixed

flame will be established subsequently when the maxi-

mum temperature of gaseous mixture rises rapidly and

then gradually levels off. Obviously, the problem of

ignition delay is intrinsically unsteady such that a tran-

sient model of ignition should be adopted. Except the

ignition delay of fuel droplet and solid propellant, few

investigations of ignition delay have been made before

[21–25] even though some flow configurations are of

interest and importance, e.g., the stagnation-point flow,

flat-plate boundary-layer flow, etc. Compared with the

systematical results of steady ignition criteria, the theo-

retical investigation of ignition delay of combustible

flows was inadequate. The physical concepts of ignition

delay not only are of academic interest but also are

frequently used in industrial ignition designs. Therefore,

a transient model of ignition associated with various

ignition criteria is adopted to determine the ignition

delay in the present work. Both the qualitative and the

quantitative comparisons between the ignition delay ob-

tained by the zero-gradient criterion and that obtained

by the thermal runaway criterion are made. These

comparisons indicate whether the zero-gradient criterion
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is invalid qualitatively and quantitatively for the prob-

lem of interest. The similar comparisons have recently

been made for the ignition delay of non-premixed stag-

nation-point flows [25]. As a counterpart, the compari-

sons of ignition delay of premixed stagnation-point

flows with catalytic reactions according to these two

types of ignition criteria are made in this work.

For the ignition with catalytic reactions, the critical

rate of catalytic reactions at ignition is also of funda-

mental and practical interest. Conventionally, the criti-

cal rates of catalytic reactions at ignition were predicted

according to steady-state models in several research

works. Therefore, the previous results of critical rates of

catalytic reactions at ignition [17] were not sufficient

conditions for ignition from a viewpoint of the estab-

lishment of flame propagation. The subsequent flame

propagation is not guaranteed according to the zero-

gradient criterion adopted in steady-state models. With

a transient model of ignition, the critical rate of catalytic

reactions at ignition is determined here by the thermal

runaway criterion instead of the zero-gradient criterion.

The dependence of the critical rate of catalytic reactions

at ignition on system parameters is discussed. The rele-

vant findings extend the previous concepts of the critical

rate of catalytic reactions at ignition derived by the

steady ignition criteria.

2. Formulation

For the problem of interest, the following assump-

tions are made. The flow is unsteady, two-dimensional

and laminar viscous flow; the specific heats at constant

pressure of the various species are equal to a constant;

the radiative heat transfer, Soret and Dufour effects are

neglected; chemical reactions between the fuel (F) and

the oxidizer (O) are represented by a global one-step

irreversible reaction such as Fþ mOO! products; the

combustible gas is a mixture of ideal gases with constant

values of ~qqg~ll, ~qqg ~kkg and ~qq2g eDD i.

Nomenclature

aP defined in Eq. (14)

aL ¼ ~llt=~LL
aS ¼ a2LaS
B frequency factor

cP specific heat at constant pressure

D mass diffusivity

E activation energy

F defined in Eq. (26)

H defined in Eq. (26)

L thickness of plate

Le Lewis number

lt characteristic flame thickness

n total reaction order

ni reaction order

P pressure

Pr Prandtl number

q specific heat of combustion

R gas constant

Ru universal gas constant

sf propagation speed of premixed flame

T temperature

t time

u velocity in the x direction

v velocity in the y direction

W molecular weight

x coordinate along the wall

Y mass fraction

y coordinate normal to the wall

Greek symbols

a thermal diffusivity

b temperature exponent

c strain rate of flow

h non-dimensional activation energy

k thermal conductivity

l viscosity

m stoichiometric coefficient

q density

x specific reaction rate

Subscripts

c critical value

cat catalytic reaction at wall

F fuel

g gas phase

i index for species

ig ignition

int interface between gas phase and solid

phase

L lower surface of plate

min minimum value

O oxidizer

s solid phase

1 cold outer flow

Superscripts

l lower limit

o non-catalytic limit

u upper limit

I first stage of ignition delay

II second stage of ignition delay

� dimensional or original quantities
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The physical model in the present work is a premixed

stagnation-point flow over a plate with a finite thickness,

as shown in Fig. 1. The catalytic reactions proceed at the

upper surface of plate. With the above assumptions, the

appropriate governing equations are

gas phase:
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b
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solid phase:

~qqs~ccP ;s
oeTTs
o~tt

¼ o

o~yy
~kks
oeTTs
o~yy

 !
ð9Þ

Boundary conditions in the gas phase are

at ~yy ¼ 0

~uu ¼ ~vv ¼ 0; �~kkg
oeTTg
o~yy

þ ~kks
oeTTs
o~yy

¼ ~WWF ~xxcat;

~qqg ~DDFoeYYF=o~yy ¼ ~WWF ~xxcat; ~qqg eDDOoeYYO=o~yy ¼ mO ~WWO ~xxcat

ð10Þ

as ~yy ! 1

~uu ! ~cc~xx; ~vv ! �~cc~yy; ~qqg ! ~qq1; eTTg ! eTT1;eYYF ! eYYF;1; eYYO ! eYYO;1; eYYO ! eYYO;1 ð11Þ

The initial condition of temperature in the solid

phase is equal to eTTL uniformly, where eTTL is greater thaneTT1. To avoid a temperature jump at the lower surface of

plate for t > 0, the boundary condition of temperature

there is given by the initial value, i.e.,eTTs ¼ eTTL at ~yy ¼ �~LL ð12Þ

Physically, the process of chemical reactions in the gas

phase is much faster than the process of heat conduction

in the solid plate. Therefore, the influence of tempera-

ture on the ignition delay is the initial temperature of

solid plate instead of the temperature at the lower sur-

face of plate. The initial conditions in the gas phase are

provided by the steady solutions of isothermal stagna-

tion-point flows at eTTg ¼ eTT1.

According to the Arrhenius-type formula, the rate of

catalytic reactions at the interfacial surface between the

gas and solid phase is given by

~xxcat ¼ ~BBcat eYYF eYYO exp�� ~EEcat=~RRueTT � ð13Þ

The magnitude of ~xxcat is equal to zero in the non-cata-

lytic limit. In the strongly catalytic limit, the ignition in

the gas phase is expected to be diffusionally controlled.

In particular, the boundary conditions of concentrations

Fig. 1. Schematic of premixed stagnation-point flows over a

catalytic surface of a solid plate with a finite thickness.
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of species in this limit become eYYF ¼ 0 and eYYO ¼ eYYO;1 �
reYYF ;1 for fuel-lean cases.

The non-dimensional variables are defined as follows:

x ¼ ~xx=~llt; y ¼ ~yy=~llt; ys ¼ ~yy=~LL; t ¼ ~ssf~tt=~llt; qg ¼ ~qqg=~qq1;

qs ¼ ~qqs=~qq1; u ¼ ~uu=~ssf ; v ¼ ~vv=~ssf ; P ¼ ~PP= ~PP1;

Tg ¼ eTTg=eTT1; Ts ¼ eTTs=eTT1; YF ¼ eYYF; YO ¼ eYYO=r;
l ¼ ~ll=~ll1; kg ¼ ~kkg=~kk1; ks ¼ ~kks=~kk1; Di ¼ eDDi=eDDi;1;

cP ;s ¼ ~ccP ;s=~ccP ;g; q ¼ ~qq=~ccP ;geTT1; hg ¼ ~EEg=R̂RueTT1;

aP ¼ ~PP1=~qq1~ss
2
f ; Pr ¼ ~ccP ;g~ll1=

~kk1; Lei ¼ ~kk1=~qq1~ccP ;g eDDi;1

ð14Þ

where ~llt ¼ ~kk1=~qq1~ccP ;g~ssf and r ¼ mO ~WWO= ~WWF.

In terms of the above non-dimensional variables, the

problem of interest becomes

gas phase:
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solid phase:

oTs
ot

¼ as
o2Ts
oy2s

ð21Þ

where as ¼ a2Las and xg ¼ BgT b�n
g Y nF

F Y nO
O expð�hg=TgÞ

with aL¼ ~llt=~LL, as¼ ks=qscP ;s, Bg¼ð ~BBgmnOO ~kk1Þ=ð~ccP ;g~qq21~ss2f 	

~WW n�1
F
eTT n�b
1 Þð ~PP1=~RRÞn and n¼ nFþnO. The boundary con-

ditions Eqs. (10)–(12) become

at y ¼ 0

u ¼ v ¼ 0; �kg
oTg
oy

þ aLks
oTs
oys

¼ qxcat;

qgDFoYF=oy ¼ LeFxcat; qgDOoYO=oy ¼ LeOxcat ð22Þ

as y ! 1

u ! cx; v ! �cy; qg ! 1; Tg ! 1;

YF ! YF ;1; YO ! YO;1 ð23Þ

where c ¼ ~kk1~cc=~qq1~ccP ;g~ss2f

at ys ¼ �1; Ts ¼ TL ð24Þ

The rate of catalytic reactions at the wall becomes

xcat ¼ BcatYFYO exp ð � hcat=T Þ at y ¼ 0 ð25Þ

where Bcat ¼ mO ~WWO
~BBcat=~qq1~ssf and hcat ¼ ~EEcat=~RRueTT1.

For the problem of interest, we have the following

similar solutions in the gas phase

qg ¼ qgðy; tÞ; u ¼ xF ðy; tÞ; v ¼ vðy; tÞ; Tg ¼ Tgðy; tÞ;
Yi ¼ Yiðy; tÞ; P ¼ �c2x2=2aP þ Hðy; tÞ;
l ¼ lðT Þ ¼ lðy; tÞ; kg ¼ kgðT Þ ¼ kgðy; tÞ;
Di ¼ DiðT Þ ¼ Diðy; tÞ ð26Þ

Substituting the above similar solutions, we have
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according to Eqs. (15)–(19).

3. Criteria of ignition

Basically, there are two types of ignition criteria for

the problem of interest, i.e., the zero-gradient criteria

(oTg=oy ¼ 0 and oxg=oy ¼ 0 at wall) and the criteria of

thermal runaway (o2Tg;max=ot2 ¼ 0 and o2xg;max=ot2 ¼ 0).
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The validity of these ignition criteria for the interest of

problem will be discussed later.

4. Numerical method

The method of lines [26] is adopted to solve Eqs.

(27)–(31). All spatial derivatives are discretized accord-

ing to a power law [27] whereas the time derivative re-

mains continuous. Thus the partial differential equation

is reduced to a system of coupled non-linear ordinary

differential equations that is readily treated by the

fourth-order accurate Runge–Kutta–Fehlberg scheme

with a local integration error equal to 10�5. The infinite

domain in the gas phase is truncated from y ¼ 0 to

y ¼ 45 in the computation. The results reveal that the

numerical solutions are not influenced as the computa-

tional domain further increases. The numbers of grid

points are 450 and 10 in the gas phase and in the solid

phase, respectively. The time step is 10�3. For the pre-

sent grid system and time step, the maximum relative

error of ignition delay is estimated to be 3%.

The premixed butane-air flow with a equivalence

ratio equal to 0.8 is considered in the present work. The

input parameters concerned with the global one-step

chemical reaction mechanism of butane-air are available

[28]. The other system parameters are ~PP ¼ 1 atm,

~ccP ;g ¼ 1:05	 10�3 kJ/gK, T1 ¼ 1:0, ~llt ¼ 0:05 mm and

hcat ¼ 13:33. According to the process of conduction

heat transfer in the solid plate described by Eq. (21), an

increase in as (¼ a2Las with aL ¼ ~llt=~LL) can be achieved by
either increasing the thermal diffusivity of solid plate or

decreasing the thickness of solid plates. For simplicity,

the thickness of solid plate is fixed in this work (~LL ¼ 5

cm); thereby the value of aL is equal to 10�3. Physically,
a marked variation in the thermal diffusivities of solid

materials is found [29,30]. Based on the non-dimensional

definition of thermal diffusivity in this work, the mag-

nitudes of as are 3.789, 0.283 and 0.002 for Cu, Fe and
Al2O3, respectively. According to Eq. (21), the following

non-dimensional results are also valid if as (¼ a2Las) is
fixed even though the variation of thermal diffusivity

and thickness of solid plate occurs.

5. Results and discussion

For the purpose of qualitative analysis in this work,

the rate of catalytic surface reactions is varied just by

modifying the magnitude of frequency factor of catalytic

surface reactions (Bcat) [17]. The rate of catalytic reac-
tions is proportional to the magnitude of Bcat.

5.1. Ignition in the non-catalytic limit

Plot of the magnitude of ignition delay (toig) versus
the temperature of lower surface of plate (TL) in the

non-catalytic limit (Bcat ¼ 0) according to four types of

ignition criteria is shown in Fig. 2. The qualitative re-

sults of ignition delay are basically the same no matter

what ignition criterion is adopted. The values of toig
predicted by the thermal runaway criteria (o2Tg;max=
ot2 ¼ 0 and o2xg;max=ot2 ¼ 0) are invariably greater than

those predicted by the zero-gradient criteria (oTg=oy ¼ 0

and oxg=oy ¼ 0 at wall), as physically expected. Al-

though the quantitative discrepancy of ignition delay

decreases gradually with TL according to Fig. 2, the

relative difference in ignition delay almost keeps a con-

stant.

In the non-catalytic limit, there is a certain value of

the initial temperature of solid plate below which the

gaseous premixture cannot be ignited no matter how

long the ignition process proceeds. This critical tem-

perature is termed as the minimum ignition temperature

without any catalytic reaction (T oL;min). The magnitudes
of T oL;min versus the flow strain rate (c) according to the
criteria of oTg=oy ¼ 0 at wall and o2Tg;max=ot2 ¼ 0 are

presented in Fig. 3. As a boundary condition in the

steady model, the dependence of T oL;min on system pa-

rameters has been analyzed according to the criterion of

oTg=oy ¼ 0 at wall [2]. The value of T oL;min increases with
c, as expected physically. It is interesting to note that the
region of no ignition obtained by the thermal runaway

criterion (o2Tg;max=ot2 ¼ 0) is greater than that obtained

by the zero-gradient criterion (oTg=oy ¼ 0). This fact

implies that the ignition is eventually not achieved in the

region between two curves in Fig. 3 even though the

criterion of oTg=oy ¼ 0 at wall is satisfied in this region.

In other words, the zero-gradient ignition criterion [2] is

Fig. 2. toig versus TL according to various ignition criteria

(Bcat ¼ 0, as ¼ 0:283, c ¼ 0:01, LeF ¼ LeO ¼ 1:0 and Pr ¼ 0:7).
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just a necessary condition for thermal ignition. Ac-

cording to Fig. 3, this region increases with c.
The ignition delay (toig) as a function of the thermal

diffusivity of solid plate (as) is shown in Fig. 4. Besides
the quantitative variation, as shown in Fig. 4, the

qualitative behavior of ignition delay determined by the

thermal runaway criterion is different from that deter-

mined by the zero-gradient criterion. The ignition delay

decreases monotonically with as according to the zero-
gradient criterion. However, the ignition delay accord-

ing to the thermal runaway criterion decreases initially

with as, and then increases with it after the magnitude of
as is greater than a critical value (as;c ¼ 0:0262). The
ignition delay is minimum at as ¼ as;c.
For the convenience of interpretation, the period of

ignition delay is divided into two stages. The thermal

energy is initially transferred from the solid phase to the

gas phase when the process of ignition starts for the

problem of interest. This stage is called as the first stage

of ignition delay (tIig) at which the internal energy in the
solid phase decreases. If the ignition process continues,

the thermal energy will be eventually transferred from

the gas phase to the solid phase when the temperature of

gaseous mixture is greater than that of solid plate due to

sufficiently rapid chemical reactions. This stage is called

as the second stage of ignition delay (tIIig) at which the
internal energy in the solid phase increases. In the non-

catalytic limit, the value of toig obtained by the criterion
of oTg=oy ¼ 0 at wall is exactly equal to the value of tIig
because the achievement of ignition is considered as the

adiabaticity condition is satisfied. However, the magni-

tude of toig is the sum of tIig and tIIig for the thermal run-
away criterion, as shown in Fig. 4.

Based on the above discussion, the magnitude of tIig is
physically expected to decrease with as due to the en-
hanced heat transfer from the hot solid plate to the cold

gaseous mixture. As a result, the ignition delay accord-

ing to the criterion of oTg=oy ¼ 0 at wall decreases in-

variably with as. The ignition delay tIIig is not taken into
account for this criterion because the ignition delay is

obtained immediately when the gas-phase temperature

near the wall increases up to the temperature of upper

surface of plate. Similarly, the rate of heat transfer from

the gaseous mixture to the solid plate also increases with

as during the second stage of ignition after the gas-phase
temperature near the wall exceeds the temperature of

upper surface of plate. The magnitude of tIIig is expected
to increase with as due to an increase in the rate of heat
loss of gaseous mixture. Obviously, there is a qualitative

difference in the influence of as on tIig and tIIig. This fact
implies that a minimum ignition delay exists at a critical

value of as for the thermal runaway criterion because the
corresponding ignition delay is the sum of tIig and tIIig , as
shown in Fig. 4. Physically, the ignition phenomena will

be modified if the catalytic reaction is involved.

Figs. 5 and 6 show the interfacial temperature be-

tween the gas phase and the solid phase (Tint) as a
function of time for as < as;c and as > as;c, respectively.
Because a temperature jump initially appears at the in-

terface, the magnitude of Tint presented in Figs. 5 and 6 is
the temperature of gaseous mixture just above the in-

terface. The period of heat loss from the gas phase to the

solid phase is indicated. Based on the thermal runaway

criterion, the process of heat loss in the gas phase is

Fig. 4. Results of toig, t
I
ig and tIIig versus as according to o2Tg;max=

ot2 ¼ 0 and oTg=oy ¼ 0 at wall (Bcat ¼ 0, c ¼ 0:01, TL ¼ 4:5,

LeF ¼ LeO ¼ 1:0 and Pr ¼ 0:7).

Fig. 3. T oL;min versus c according to o2Tg;max=ot2 ¼ 0 and oTg=
oy ¼ 0 at wall (Bcat ¼ 0, as ¼ 0:283, TL ¼ 4:5, LeF ¼ LeO ¼ 1:0

and Pr ¼ 0:7).
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inevitable for any as. As a result, both the ignition delay
and the minimum ignition temperature are underesti-

mated if the zero-gradient criterion is used.

According to the above discussion, the correct igni-

tion delay is determined by the thermal runaway crite-

rion instead of the zero-gradient criterion. The same

conclusion was obtained for the ignition delay of non-

premixed stagnation-point flows in the previous paper

[25].

5.2. Ignition with the variation of rate of catalytic

reactions

The results of ignition delay versus the rate of cata-

lytic reactions (Bcat) for as ¼ 0:283 according to various
ignition criteria are illustrated in Fig. 7. The same igni-

tion delay is predicted by either o2Tg;max=ot2 ¼ 0 or

o2xg;max=ot2 ¼ 0. However, in contrast to the results in

Fig. 2, the ignition delay obtained by oTg=oy ¼ 0 is dif-

ferent from that obtained by oxg=oy ¼ 0 even in the

qualitative way. According to Fig. 7, the quantitative

difference in the ignition delay obtained by two zero-

gradient criteria increases substantially with Bcat.
According to the criterion of o2Tg;max=ot2 ¼ 0, the

ignition delay (tig) as a function of Bcat for varied as is
shown in Fig. 8. As shown in Fig. 8, the ignition delay

increases monotonically with Bcat for great as (as ¼
0:071). On the contrary, the ignition delay decreases

monotonically with as for small as (as ¼ 0:000353). For
an intermediate value of as, a minimum value of ignition

delay (tig;min) is observed at a critical value of Bcat (Bcat;c).
The ignition delay decreases and increases with Bcat for
Bcat < Bcat;c and Bcat > Bcat;c, respectively. Results of tIig
and tIIig for as ¼ 0:071 and 0.000353 are shown in Figs. 9
and 10, respectively. The magnitudes of tIig in Figs. 9 and
10 decrease with Bcat. The temperature of gaseous mix-
ture increases more rapidly for a greater rate of catalytic

reactions at the upper surface of the plate. Conse-

quently, the duration of heat transfer from the solid

Fig. 5. Result of Tint as a function of time for as < as;c
(as ¼ 0:0177, Bcat ¼ 0, c ¼ 0:01, TL ¼ 4:5, LeF ¼ LeO ¼ 1:0 and

Pr ¼ 0:7).

Fig. 6. Result of Tint as a function of time for as > as;c (as ¼
0:071, Bcat ¼ 0, c ¼ 0:01, TL ¼ 4:5, LeF ¼ LeO ¼ 1:0 and Pr ¼
0:7).

Fig. 7. tig versus Bcat according to various ignition criteria

(as ¼ 0:283, c ¼ 0:01, TL ¼ 4:5, LeF ¼ LeO ¼ 1:0 and Pr ¼ 0:7).
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phase to the gas phase becomes shorter for greater Bcat.
This fact indicates that the ignition delay in the first

stage (tIig) decreases with Bcat. As shown in Fig. 9, the
magnitude of tIIig increases substantially with Bcat. The
total ignition delay (tig) is almost equal to the value of tIIig
for great Bcat. Physically, the rate of heat loss in the gas
phase increases with the thermal diffusivity of solid plate

when the ignition proceeds in the second stage. For great

asð¼ 0:071), the effect of heat loss in the gas phase on
ignition delay is greater than that of heat gain from the

catalytic reaction on it. Physically, the ignition delay is

conductively controlled for great as. This fact is signifi-
cant to determine the ignition delay for great as. Ac-
cording to Fig. 9, the value of tig increases with Bcat even
though the ignition delay in the first stage decreases with

Bcat. For small as (Fig. 10), the influence of heat gain
from the catalytic reaction on ignition delay is greater

than that of heat loss in the gas phase on it. As a result,

both of tIIig and tig decrease with Bcat. Physically, the
ignition delay for small as becomes catalytically con-
trolled.

For intermediate as ð¼ 0:00283 in Fig. 8), the igni-
tion delay decreases initially with Bcat and then increases
with it after Bcat reaches a certain critical value (Bcat;c).
The ignition delay is minimum at Bcat ¼ Bcat;c. According
to Fig. 8, the magnitudes of Bcat;c and tig;min decrease and
increase with as, respectively. Physically, the influence of
heat gain due to the catalytic reaction on ignition delay

is greater than that of heat loss due to the solid plate on

it for Bcat < Bcat;c, and vice versa for Bcat > Bcat;c. The
processes of ignition here are controlled catalytically and

conductively for Bcat < Bcat;c and Bcat > Bcat;c, respec-
tively.

5.3. Critical rate of catalytic reactions at ignition

According to the thermal runaway criterion (o2Tg;max=
ot2 ¼ 0), the results of the critical rate of catalytic re-

actions at ignition (Bcat;ig) versus TL for varied as are

Fig. 8. tig versus Bcat for varied as according to o2Tg;max=ot2 ¼ 0

(c ¼ 0:01, TL ¼ 4:5, LeF ¼ LeO ¼ 1:0 and Pr ¼ 0:7).

Fig. 9. Results of tig, tIig and tIIig versus Bcat according to

o2Tg;max=ot2 ¼ 0 (as ¼ 0:071, c ¼ 0:01, TL ¼ 4:5, LeF ¼ LeO ¼
1:0 and Pr ¼ 0:7).

Fig. 10. Results of tig, tIig and tIIig versus Bcat according to

o2Tg;max=ot2 ¼ 0 (as ¼ 0:000353, c ¼ 0:01, TL ¼ 4:5, LeF ¼
LeO ¼ 1:0 and Pr ¼ 0:7).
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shown in Figs. 11–13, respectively. Conventionally, the

critical rates of catalytic reactions at ignition in previous

works [17] were determined by the zero-gradient crite-

rion (oTg=oy ¼ 0 at wall) according to a steady model

instead of the thermal runaway criterion (o2Tg;max=
ot2 ¼ 0) according to a transient model. Obviously, the

critical rates of catalytic reactions at ignition obtained

here are more realistic than those obtained before from a

viewpoint of flame propagation. For great, as, the value

of Bcat;ig increases monotonically with TL, as shown in
Fig. 11 (as ¼ 0:071). The magnitude of T oL;min is equal to
3.40. This fact implies that the ignition in the non-cata-

lytic limit is invariably achieved if TL > T oL;min. When the
catalytic reactions are involved in the system, the igni-

tion for fixed TL exists only in the region between

Bcat ¼ 0 and Bcat ¼ Bcat;max even though TL is greater

than T oL;min according to Fig. 11. As a result, the critical
rate of catalytic reactions at ignition for great as is a
maximum one (Bcat;max) above which the ignition can not
be achieved. Physically, the catalytic reaction plays a

negative role in ignition for great as. Similar to the re-
sults of ignition delay shown in Fig. 8, the critical rate of

catalytic reactions at ignition is influenced mainly by the

process of heat loss from the gas phase to the solid

phase. The ignition is conductively controlled. Accord-

ing to Fig. 11, there is a critical value of TL (TL;c ¼ 4:11)
above which the ignition is eventually achieved no

matter how rapidly the catalytic reactions proceed. The

magnitude of TL;c here depends on as. Physically, the
region of no ignition increases with as. Consequently,
the value of TL;c is expected to increase with as.
For small as (¼ 0:000353), the ignition may be

achieved with catalytic reactions even if TL < T oL;min
ð¼ 3:40), as shown in Fig. 12. This fact indicates that the
catalytic reaction plays a positive role in ignition for

small as. The ignition for small as is governed by the heat
gain from the catalytic reactions. The ignition is cata-

lytically controlled, as discussed previously. The critical

rate of catalytic reactions at ignition here becomes a

minimum one above which the ignition is achieved.

Similar to the results in Fig. 11, the region of no ignition

increases with as.

Fig. 11. Bcat;ig versus TL according to o2Tg;max=ot2 ¼ 0 (as ¼
0:071, c ¼ 0:01, LeF ¼ LeO ¼ 1:0 and Pr ¼ 0:7).

Fig. 12. Bcat;ig versus TL according to o2Tg;max=ot2 ¼ 0 (as ¼
0:000353, c ¼ 0:01, LeF ¼ LeO ¼ 1:0 and Pr ¼ 0:7).

Fig. 13. Bcat;ig versus TL for as ¼ 0:00214 and 0.00283 according

to o2Tg;max=ot2 ¼ 0 (c ¼ 0:01, LeF ¼ LeO ¼ 1:0 and Pr ¼ 0:7).
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For intermediate as (¼ 0:00214 and 0.00283), the

relationships between Bcat;ig and TL exhibit the C-shaped
curves, as shown in Fig. 13. According to this figure, a

minimum magnitude of TL (TL;min ¼ 3:378) for as ¼
0:00283 exists below which the ignition is not achieved.
Obviously, the value of TL;min can be viewed as the

minimum ignition temperature with catalytic reactions.

The lack of ignition is observed if TL < TL;min. For
T oL;min > TL > TL;min, the region of ignition is found be-
tween Bcat ¼ Bcat;min to Bcat ¼ Bcat;max. The upper and
lower branches of C-shaped ignition curves are domi-

nated by the process of heat loss to the solid plate and

the process of heat gain from the catalytic reaction, re-

spectively. For fixed TL (T oL;min > TL > TL;min), with in-
creasing Bcat the transition from the catalytically to the

conductively controlled ignition occurs. For TL > T oL;min,
the region of ignition exists from Bcat ¼ 0 (non-catalytic

limit) to Bcat ¼ Bcat;max. The entire region of ignition is
conductively controlled.

The value of TL;min increases with as according to Fig.
13. The upper limit of TL;min is physically expected to be
T oL;min when the value of as continuously increases up to a
certain critical value (aus;c). Obviously, this critical mag-
nitude of is an upper limit of intermediate as. The lower
branch of C-shaped ignition curves (or catalytically

controlled ignition mechanism) is absent at as ¼ aus;c;
thereby the entire region of ignition becomes conduc-

tively controlled. The lower limit of as (als;c) is corres-
ponding to the condition of the vanishment of upper

branch (Bcat;max) as the value of as decreases down to a
certain small value (als;c). The entire region of ignition
becomes catalytically controlled at as ¼ als;c. According
to these two critical values of as, the C-shaped ignition
curves are observed for aus;c > as > als;c.

6. Concluding remarks

The influence of catalytic reactions on the ignition of

premixed stagnation-point flows over a solid plate with a

finite thickness is analyzed numerically. The following

conclusions are obtained.

i(i) The thermal runaway criterion instead of the zero-

gradient criterion is preferred to predict the ignition

delay for the problem of interest even in the non-cata-

lytic limit.

(ii) The ignition for small as is governed by the heat
gain from the catalytic reactions. The effect of cata-

lytic reactions on ignition is positive. The ignition is

catalytically controlled. However, the ignition for

great as is influenced mainly by the process of

heat loss from the gaseous mixture to the solid

plate. The effect of catalytic reactions on ignition

is negative. The ignition becomes conductively con-

trolled.

(iii) The magnitudes of ignition delay increase and de-

crease monotonically with the rate of catalytic reac-

tions for great and small as, respectively. For
intermediate as, there is a minimum ignition delay

at Bcat ¼ Bcat;c. The magnitudes of ignition delay de-
crease and increase with Bcat for Bcat < Bcat;c (cata-
lytically controlled ignition) and Bcat > Bcat;c
(conductively controlled ignition), respectively.

(iv) For great as (as > aus;c), the critical rate of catalytic
reactions at ignition is a maximum one below which

the ignition is achieved. The value of Bcat;max in-
creases with TL. There is a critical value of TL
(TL;c) above which the values of Bcat;max invariably
approach infinity. The magnitude of TL;c increases
with as. For small as (as < als;c), the critical rate of
catalytic reactions at ignition is a minimum one

above which the ignition is achieved. The value of

Bcat;min decreases with TL. For intermediate as
(aus;c > as > als;c), the C-shaped ignition curves are
observed. The upper (conductively controlled) and

lower (catalytically controlled) branches of C-

shaped ignition curves indicate the values of

Bcat;max and Bcat;min, respectively. The region of igni-
tion depends on TL, T oL;min and TL;min. According to
the C-shaped ignition curve, the lack of ignition is

obtained if TL < TL;min. The magnitude of TL;min in-
creases with as. For T oL;min > TL > TL;min, the region
of ignition is confined between Bcat;min to Bcat;max.
As the rate of catalytic reactions increases for fixed

TL, the transition of ignition from the catalytically

controlled to the conductively controlled mecha-

nism is observed. For TL > T oL;min, the region of

conductively controlled ignition is from the non-

catalytic limit to Bcat;max. The region of ignition

decreases with as for any range of as according to
the thermal runaway criterion.
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