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Abstract-The classical problem of the ignition and flame generation of combustible premixed 
gases by a hot flat pJate is analyzed by asymptotic techniques for moderate values of the Zeldovich 
numbers. For temperatures of the plate smaller than the adiabatic flame temperature it was 
found that the corrections to the zeroth-order solution (ZeldoYich approximation) are very 
important for finite Zeldovich numbers. The asymptotic analysis was carried out with the inclusion 
of reactant consumption showing different responses depending if the reactant consumption 
parameter is larger or smaller than a critical one. For temperatures of the plate larger than the 
adiabatic flame temperatures (that is, the reactant consumption parameter larger than the critical 
onc), the ignition is not characterized by a thermal runaway and a smooth transition from frozen 
to equilibrium flow is obtained. The evolution towards the premixed flame formation is analyzed 
and the flame position and flame temperature are obtained. 

INTRODUCTION 

The ignition process of combustible premixed gases by hot surfaces (plate) have 
received much attention in the literature in the past decades. Sharma and Sirignano 
(1970) numerically integrated the governing equations. They used as the ignition 
criterion the adiabaticity condition at the plate. Berman and Ryazantsev (1978) 
using asymptotic techniques analyzed the ignition process for very high Zeldovich 
numbers. They found the leading term of the asymptotic expansion for the critical 
distance for ignition which coincides with the adiabaticity criterion. The reactant 
consumption effects have been included. Law and Law (1979) made an analysis in 
the same line, comparing their numerical results with the leading term in the asymp
totic expansion for the ignition distance. They found that the asymptotic value of 
the Damkohler number for ignition underestimates up to half of the value of that 
obtained through numerical methods. In a later paper Law and Law (1981) showed 
better agreements when considering the reactant consumption effects. For large but 
finite Zeldovich numbers of the chemical reactions, the corrections to the leading 
term can be very important, as was shown by Linin and Williams (1979) for the 
transient ignition of the reactive solid. The physical explanation for this is the 
following. When approaching the critical ignition conditions, the longitudinal tem
perature gradients in the gas causes an increase of the heat losses through the bound
ary layer. This makes sure that the last part of the ignition process is delayed by a 
quantity of the same order as the leading term for finite Zeldovich numbers. Kapila 
(1980, 1981) has shown that after reaching the ignition condition~ the unsteady 
effects delay the further development of the premixed flame in a very short time scale 
which ends in a hot spot generation growing in intensity in an exponentially small 
time scale. Then, this hot spot transforms into a defiagration wave. In the analysis 
made by Kapila, similarity between concentration and temperature was assumed. 



The main objective of this paper is, with the inclusion of the reactant consumption 
effects, to derive the correction for the critical Damkohler number for ignition and 
to study the further evolution of a premixed flame in this boundary layer flow. 

PROBLEM FORMULATION 

The physical model analyzed in this paper is the following. A combustible gaseous 
mixture flows over a flat plate at a high temperature Tp. The free stream is associated 
with a gas velocity w», temperature foo and species mass concentration Ym, The 
chemical reaction assumed for the gas-phase is one step and irreversible of the form 

vF\F\ + vo\0\^vP\P\> (1) 

where vi are the stoichiometric coefficients with i—F, O, P for the fuel, oxidizer and 
product, respectively. The symbol [/] is identified with the chemical formula of the 
specie i. The fuel generation through the chemical reaction is assumed to be given 
by the Arrhenius kinetics of the form 

(-w)-wp = -BvF WF YFP expl - —— I, (2) 

where wp is the mass production of fuel for unit volume and time, B and E are the 
frequency factor and the activation energy of the chemical reaction, respectively. 
Wt is the molecular weight of the specie /. Yi and f are the mass concentration of 
the specie / and the temperature of the gas, respectively. In Eq. (2) it is assumed for 
simplicity a lean mixture and a unity'reaction order for the fuel. Therefore, the mass 
concentration of the oxidant is assumed to be almost constant. The reactive governing 
equations for this boundary layer flow configuration are well known (see, for example, 
Sharma and Sirignano, 1970; Treviño and Sen, 1980; Williams, 1985) and will not 
be repeated here. We introduce the following non-dimensional dependent variables 

CP(T-TP) YF $ 
r = - _ , Y = -=—, f= , (3) 

Q Ypca iVoo s/Q-jX^a poo Woo x) 

where Cv is the specific heat at constant pressure, Q is the heat of reaction for unit 
mass of fuel consumed, p and p, are the density and viscosity coefficients, respectively, 
and ip and / a r e the stream function dimensional and non-dimensional, respectively. 
Introducing the following independent variables 

L V \ 2pco Moo x J 
^ P(x, y'W, (4) 
o 

where x and y are the longitudinal and transversal Cartesian coordinates with the 
leading edge of the plate as the origin and L is the length of the plate, the non-
dimensional governing equations transform to 

M\,T\=?>> (5) 
dr) 

1BL I Ta\ / ZT \ 
-&(Pr, T) = +&(Sc, Y) = exp - — £Fexp , 

Wuo \ TVJ \ 1 -(- BZT J 

(6) 



where the operator Ü? is defined as 

1 a2</r M df Bus 

X By* 8V 8r¡ 8£ W J 

and B=BVFWF. 

In the above equations it is assumed that the Prandtl number, Pr = ¡xCpjX, the 
Schmidt number, Sc=¡x¡PD, as well as the product pfi are constants. D is the dif-
fusivity coefficient of the fuel and A is the thermal conductivity. Ta corresponds to 
the activation temperature E/R. Z is the Zeldovich number and represents the 
ratio of the activation energy to the thermal energy and is given by 

Z = — ^ — . (8) 

The parameter e is related to the inverse of the Zeldovich number and is given by 

Tp Q YjToo 1 
£ = — = • • • • — . ( 9 ) 

1 a f^p lp ZJ 

In combustion the Zeldovich number can be assumed to be much larger than unity. 
The non-dimensional boundary conditions transform to: 

BY 
at 7? = 0; T = 0 and — = 0, 0 

Q 

and 

p ( j r c > -

Bf) 

-TP) 
(10) 

a t i ? - ^ o o ; T = = = Tco and 7 = 1 . 

Without the reaction term, the governing Eqs. (5), (6) and (10) have a self-similar 
solution. With the aid of the Lighthill approximation (Lighthill, 1950) for high 
Prandtl numbers (which in fact gives very good results for Prandtl number of order 
unity), the solution close to the wall is given by 

7} = - j9/*(0)Pi-i/s 7] + Ofo*) for ^ 0 (11) 
and 

7 = 1 , 02) 
where 

As shown by Eq. (11), the chemical reaction will take place only close to the plate 
for high Zeldovich numbers, due to the high sensitivity of the reaction rate of the 
temperature. 

ASYMPTOTIC SOLUTION 

Reactive Zone 

For high Zeldovich numbers the gas-phase chemical reaction will only develop, in 
this ignition process, in regions close to the wall. In this reactive zone, an increase 



in the temperature above its frozen value of the order of the inverse of the Zeldovich 
number will produce an increase of order unity in the reaction rate. To study this 
ignition process we can introduce 9 as: 

B = (r-7»z. 

Introducing the following stretched inner coordinate of the form 

X =* zpf\0)PrV*v, 

the inner equations reduce to 

B29 DYg 

8X* exp 
e-x 

1 + B(8-X) + 
2e* 

~A3~ 

80 1 361 
XA *a _ 

8f 4 dX. 

(14) 

(15) 

82Y DY£ ejS 
= Le exp 

SX* 2 k 
e-x 

ll + e(d-X)\ 

e4 
+ 2 — $Le 

A* 

• 3Y 1 BY 
XA X* 

Sí 4 8Xj 

(16) 

where D is the Damkohler number and is defined as 

IB LPrWeex-p(-TalTp) 

Woo 
D 

Wf"(0)f 
(17) 

Le is the Lewis number defined as Le = ScjPr and A is a temperature parameter of 
order unity given by 

A = 
Tv-T< 00 

T„ 
(18) 

Equations (15) and (16) are to be solved with the boundary conditions at the plate 
(X = 0) given by 

at X = 0; 6 = 0 and 
BY 

= 0. (19) 

The other two boundary conditions at the edge of the reactive layer come from the 
matching with the non-reactive outer boundary layer flow. This is going to be 
obtained later. Equation (15) shows that the convective terms are of order es and 
then its effect can be omitted at least until the last part of the ignition regime, where 
the temperature and concentration gradients are large enough. 

It is convenient to redefine the inner variables of the form 

and 
0 = 6-X 

$ = DY. 

With the aid of Eqs. (20), Eqs. (15) and (16) take the form 

_ _ = _ _ _ e x p ( 0 ) [ l ~ e n 

(2Q) 

(21) 



i a2^ fá 

;"axT = T e x p ( 0 ) [ 1 ~ £ n (22) 

where the terms of order e2 are dropped out. Here y is a small number and is defined 
as 

De 
y = £,—-£. (23) 

The boundary conditions at the plate surface then take the form 

dé 
at X = 0; 0 = 0 and = 0. (24) 

8X 

Non-Reactive Zone Equations 

In this outer zone, the chemical reaction is exponentially small, and the solution to 
the inert problem given by Eqs, (6) without the reaction term'is using the Lighthill 
approximation (Lighthill, 1950) 

/BSe\ f£ dQJ di' 
1) = -f(p)PrW - ( f , 0 ) , (25) 

\ ¿V h Jo d? {l-(f/a3/4}1/3 

a n d 

/B<f>6\ r* d<f>6' d? 

where the gradients are evaluated not at the surface but at the edge of the reactive 
zone. The frozen leading edge conditions lead to 06(0,7?) = 0 and ^e(0,77) = 0. For 
this reason the jump conditions at the leading edge are left out in Eqs. (25) and (26). 

Reactive Zone Solution 

Due to the impermeable condition at the plate {d<f>j8X = 0) it is convenient to assume 
a solution of the form 

¿ = &0r) + # i ( £ * ) + • • • (27) 

for the fuel concentration. Introducing the relation (27) into Eqs. (21) and (22) 
leads to 

_ UL = - - ^ = I l f exp(#[l -eM- ~ l expty), (28) 
¿X2 y dX% 2 2 

which is valid up to terms of order e2. A first integration of the energy Eq, (28) 
gives 

( — ) ~ ? 2 = fa$(l-2e)-<f>t€ exp(0)[l-£O/<3-20 + 2)] 

- ^ J e x p C ^ i - ^ + ^ e x p ^ ) - ! ] - ^ J «*«#}, (29) 



where q is the non-dimensional heat transfer at the plate 

<8é' 

'P \3XJi 
(30) 

which in fact has the value of - 1 for frozen flow. In Eq. (29) é\v is the value of 4>i 
at the plate. At the edge of the reactive zone (X-s-co), from Eq. (29) we have 

dé 
e£ 

8X 
- v W + <72) + 

1/ y y [X 

fa-- \fap+- + -q 

V(fa£+q2) 

efdX 

+ 0{e% (31) 

where a formal expansion for small values of e has been made. Integrating Eq. (29) 
and evaluating this for high values of X, we obtain 

«£ 
<A~ \-V(fa£+q2) + 

fa--(fap+- + -g f e*cPt) 

x 

[far* V(<f>si+q2)-qi 
} + 0(e) as X ^ o o , (32) 

where the logarithmic term denotes the apparent temperature of the plate viewed 
from the frozen outer zone. 

Subtracting the energy from the fuel concentration Eq. (28) for the inner zone, we 
obtain 

82 é B 82fa 

8X* y 8X2 ~ ' 

Integrating Eq. (33) and applying the boundary conditions at the plate, gives 

dé s 8fa 
+ _ _ = q. (34) 

8X y 8X 
The fuel concentration gradient at the edge of the reactive zone with the aid of 
Eq. (31) is then given by 

8fa y 
—— - - [+ V(fa€+q*)] + 0(e). 
oX £ 

(35) 

Integration of Eq. (34) then gives 

fa ~ fap+ -lqX+'y/(faé+qZ)X 

- I n 
r 4 V(fa£ + q2)+q 
-—(fa $+q2) 
•fa i V(fa£+q2)-q 

as X -> oo. (36) 

file:///3XJi


It is convenient to have no apparent fuel concentration in this order (it can be 
absorbed in 4>s)- To do this, we put 

fa = - I n \ — U s é + q * ) — - - — (37) 

Matching requires that for the parametric limit in which e goes to zero, in an inter
mediate variable the relationship 0e(£, v)^^Li, x) and <f>e(£, r))~fág, X) must hold. 
These are given by 

<tf 

\-V(.fa£+q2) + 

1/ y y p \ 
fa--[<l>ip+- + -q efdX\ 

~A J0 

V(fa£+q2) 

d? {l-(í703/4}l/3 
(38) 

and 

ef 

• aDlq+^sHq2)-

1 y v C 
2 \ e £ JQ 

e*dX 

I 
£ d<j>s' di' 

where Qe(£, 0) is given by 

o d? {1-Cr/i)*'3}1 '8 ' 

0,(1, 0) = Ln — ( & £ + ? * ) — — — -

l&£ V(<f>s£+q2)-q 
and a is the reactant consumption parameter given by 

(39) 

(40) 

(41) 

This parameter a is one of the most important parameters arising in this kind of 
problem. For small values of a, the reactant consumption does not play any role in 
the ignition process. When a reaches unity it means that the temperature associated 
with the ignition is very close to the adiabatic flame temperature. There is a critical 
value of a, close to unity, for which the solution to the governing equations ceases 
to be multivalued. Thus, ignition cannot be characterized by a singular phenomenon 
like thermal runaway. For va/ues of a larger than this critica.) value, we obtain a 
smooth transition from frozen to equilibrium flow. 

ZELDOVICH APPROXIMATION 

In a first approximation, neglecting terms of order e, Eq. (38) has the solution 



«c =1.0698 

Dc ^8.7235 

FIGURE 1 Critical Damkohler number for ignition Do as a function of the reactant consump
tion parameter a, obtained with the Zeldovich approximation (zeroth-order solution), 

while Eq. (39) takes the form 

• a £ { l - V ( l - ¿ . f l } -i 
t d<f>s' d? 
o If {l-tf'/f)8'4}1'3 (43) 

Equation (43) gives the evolution of the fuel concentration as a function of the 
reactant consumption parameter a. 

Due to the fact that ignition (thermal runaway) can be assumed to occur at £= I, 
from Eq. (42) we have </>s= 1 at ignition. Then D is to be selected in such a way that 
cf>s= 1 coincides with £ = 1 in the solution to Eq. (43). Figure 1 shows the Damkohler 
number for ignition as a function of a. In the limit a = 0, that is for very low plate 
temperatures, solution of Eq. (43) is given by </>s = constant = 1. Therefore D(0)=l 
for this case. This result has been obtained by Berman and Ryazantsev (1978) and 
by Law and Law (1979, 1981). For small values of a, we can write 

7 = 1 - o^(¿) + 0(aP> as a -> 0, (44) 



with the initial condition ^(0) = 0. Therefore, we can obtain the following expan
sions for fa and D: v 

as a -> 0 (AS) 
and ' 

£ = l + a<ps(l) + 0(a2) as a ^ O . (46) 

Introducing the relationships (45), (46) into the integral Eq. (43) we obtain to the 
lowest order in a: 

wa-o-f 8 ^ *__ m 
Jo di' {l_(£7f)3/4}l/B' ^ 

with the initial condition <ps(0) ^ 0 . Equation (47) can be inverted (via Abel inversion) 
and the integral can be evaluated numerically giving cp(l) = 2/5. 

This solution (straight line) is plotted also in Figure 1. This gives very good results 
until values of a <0 .3 . Increasing the value of a increases also drastically the Dam
kohler number for ignition. This does not mean that ignition is more difficult to 
achieve as a increases as some authors believe. If a increases due to the increase of 
the temperature of the plate, the exponential term in the definition of the Damkohler 
number overcompensates the effect of the increase in D with a. There is a critical 
value of a (ac= 1.0698) above which the singular behavior of the ignition phenomena 
disappears and a smooth transition from frozen to equilibrium flow is obtained. 
Therefore, ignition is not characterized by the thermal runaway. For this critical 
value of a, we obtain a finite Damkohler number for ignition, D(ac) = 8.7235. This 
is due to the convective effects (non-similar effects), that cause an increase in the fuel 
concentration from that given by the self-similar solution. 

IGNITION PROCESS FOR a < ac 

For values of a < a c , the convective effects in the boundary layer have to be taken 
into account in order to obtain a better approximation for the ignition process. 
Close to the ignition point, £-*-l, the gradient of the apparent temperature is very 
important and has to be taken into account in order to determine the ignition dis
tance. This means that the heat loss towards the boundary layer would increase 
drastically, thus causing a slower ignition process. Therefore, the correction to the 
values obtained by the Zeldovich approximation can be very important for finite 
values of the Zeldovich number. The derivative of the apparent temperature is 
given by 

j _ ; L _L J (48 J 

The first term on the right-hand side of Eq. (48) shows a divergence close to the 
ignition. If we denote this function Fi(a, £) and the rest of the right-hand side as 



JFz(a, I) Eq. (38) can be rewritten as 

1-V(<f>si + 12) + ^-
2\ e e Jo / . 

e /•« Fi(a,?)de F2(a, £ ' )# ' 

A Jo {l-(f ' /f)3 / 4} 

+ A J S {i-(r/i)8/*}1/a 

e r1 

^ ~ A Jo {l-<£7£)3/4}1/3 

(49) 

The right-hand term is important only in regions close to the ignition (£—>1). How
ever, Fi(a, £)—*Q as f-*l. Then faC", f) can be obtained from the Zeldovich 
approximation: 

J=2(0 = IV( i - ik0- (W.f l ] 
1 1 
- + 

fltya 

The second integral can be evaluated numerically as 

* F2(a, £ ' )# ' 
/o(a) = 

'o {l-Cf/É)3'4)1'3 

(50) 

(51) 
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FIGURE 2 Definite integral 70 as a function of the reactant consumption parameter «. 



FIGURE 3 Parameter íí as a function of the reactant consumption parameter a. 

This integral as a function of a is plotted in Figure 2. The numerical integration of 
Eq. (43) gives that for £-»l 

¿ 5 ~ n ( a ) ( W ) + l as £ - H , (52) 

where £l(a) is plotted against a in Figure 3. In order to obtain the correction to the 
Zeldovich approximation, we assume that 

D(a) = Do(a)[l + 5(a)], 8(a) -> 0 for e -> 0, (53) 

where Do{a) is the Damkohler number obtained by the Zeldovich approximation. 
Then (f>Si for f ->-1, is given by 

¿ s ~ l + n ( l - £ ) + 8 + 0[S(l--f)] as £->l. (54) 

To study the behavior of the solution close to the ignition, we define the following 
stretching variables of order unity 

x — 
(l-QXi-fl 

jtf2g6/5 
(55) 



and. 

where 

M = 

Me3'6 

( 1 - G ) 
1/5 

Introducing the relations (55) and (56) into Eq. (49) we obtain 

x—y2 — k ~" Í 
dy' (l + E^My1) 

áx' 
dx' (x'-xy* 

(56) 

(57) 

where A is given by 

8_2e + y(l + l n 4 ) - - / 0 ( a ) 
A 

(58) 

For large values of x, the asymptotic solution to the integral equation (57) is that 
y=i~.^/x. Introduction of this relation in the integral term produces a divergence 
that we can correct to the lowest order by adding to both sides of the equation the 
following integral 

i-n¡E6isM2 

dx' 

y V (x'-xyz /3 

3(1 - O ) 1 / 6 

A/1/3 e l /5 
- 2.5875A-1 /6 + 0(ex). (59) 

Therefore, the integral equation (53) can be rewritten as 

l-Q/S6(5M2 

3(1 - Q ) 1 / 0 /• 
x-y*-A + . ... -2.5875X1/6 

M i/3 e l / 5 

dy' 1 
— + dx' 2Vx' 

dx' 

(x'-.v)!/3 
(60) 

The upper limit in the integral term of Eq. (60) can be moved to infinity with the 
inclusion on both sides of the following integral 

e3/5M 
i-n/E6l5M2 

dx' 

(x'-x)W 
(61) 

This is done in order to make it divergence-free at the upper limit. Therefore, Eq. 
(60) transforms to 

x-yz-& + 
3 ( l - ü ) i / 8 ( l - Q ) l ^ 

1 1 _2.5875.vl/« • ] -
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FIGURE 4 Parameter C as a function of the reactant consumption parameter x. 

a 

Then A can be assumed to be given by 

3 ( l _ Q ) l / 6 r (1-£2)1/* 
A = 

AP-/3 el/5 
1 - + b+0(eW), (63) 

where ¿> is a constant to be determined later. Then from Eqs. (58) and (63) we obtain 
the following expansion for 8: 

8 = 2 + 3(1 - Q ) V « 1 -
(l-Q)V2 

M*l*--(\+\n4)+—)e + be*l*M* + 0(e*l&). (64) 
s A / 

Therefore, Eq. (62) can be written as 

f00 \dy' 
x-.y2-.b-2.5S75x1><i ~ — 

J x idx 

dy' 1 

2yV. 

¿y 

( X ' - J C F 3 
(65) 

The solution to Eq. (65) gives the evolution of y with x. This is a non-linear equation 
which admits a unique value of b in order to have the divergence at x = 0. The 



numerical calculation gives the value of ¿= -1 .125 . As x approaches zero, the 
asymptotic behavior of the solution of Eq. (65) is given by 

k 
y x^ 

as x 0. (66) 

However, as x becomes of order e9/5, the solution breaks down on one side because 
the non-dimensional heat flux, q, is no longer small compared with unity and on the 
other side the convective terms cannot be ignored. 

Equation (66) dictates the matching to a transition stage which ends in the 
phenomenon called the explosion stage by Kapila (1980, 1981), which is convecthe 
limited rapid process. The analysis of this relatively complex phenomenon is left 
for future work. 

FLAME GENERATION WITH a>ac 

For values of a larger than the critical one, there is a smooth transition from the 
nearly frozen flow to the deflagration wave. Therefore, in this case, the ignition is 

Y1pA/a 

FIGURE 5 Non-dimensional length A as a function of YiPX/a, the reduced reactant concen
tration at the wall, for different values of the parameter m (m= I - a ) . 



not characterized by a thermal runaway. To the lowest order, the solution of the 
reactive zone equations can be obtained from Eqs. (42) and (43). The asymptotic 
behavior for large values of £, where £ = £)£, is given by 

q „ - ^ [1 _ C(a)] 
and CM (67) 

Y ~ as t —> QO. 
{ 

The function C(a) is shown in Figure 4 and is obtained from the numerical solution 
of Eq. (43). However, this solution breaks down for values of i^e- 1 . This is 
because the assumption of a uniform fuel concentration through the reactive zone is 
no longer valid. To study the further evolution of the premixed flame we deñne the 
following variables 

Y 

and \ (68) 

To the lowest order, the inner equations (21) and (22) then take the form 

y*i/> A d*Yi (Fi 

* r - - 7 i ¡ - - r e x p ( W - <69) 

where A = A/Le
l/3. The boundary conditions at the plate are given by 

a y 
0 = i- = 0 at X = 0. (70) 

Matching with the outer zone gives the boundary conditions for X -* oo as 

3¿ 8Yi { 
_ L 1 and ~ T . (71) 
ax dX A 

From Eq. (69), after integration once and applying the boundary conditions at the 
plate, we obtain 

H A 8Yi . . . . 
+ — = q, (72) 

dX a dX 

and with the aid of the relations given in (71) we have it that 

q = (73) 
a 

thus, the heat flux from the plate can be assumed to be constant and negative. That 
is, the temperature of the plate is higher than the adiabatic flame temperature. 

Integration of Eq. (72) gives 

where 
(74) 

r^-iYi-Yto). 
a 



30 

20 

10 

^ tr) 
•ip "-> i> 
•^ v ,<b 
p ^- v ^ 

<*> 
^ ** 

0 2.5 7.5 10 12.5 V/cc 

FIGURE 6 Reduced reactant concentration Y\\/a profiles as a function of the non-dimensional 
transversal distance x, for different values of the non-dimensional length A and m— —0.0698. 
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FIGURE 7 Premixed flame position xf as a. function of the non-dimensional length A, for 
different values of the parameter m. As a comparison, the results of Liñán are shown. 



Yip being the value of Yi at the surface. Equation (69) can be rewritten as 

d*r ( \Yiv 

¿rs = A r + ~—j^V(-r + mx)t (75) 

with 
X = xl* 

m = 1 — a 
and 

to? 
A = —. 

2A 

The boundary conditions for Eq. (75) are the following; 

dr 
/• = — = 0 at v = 0 

and (76) 
dr 
— = 1 at y -*• oo. 

This represents an eigenvalue problem having the solution for a given value of A, 

A = A(a, A, Yip). (77) 

This relation is plotted in Figure 5 for different values of m. The fuel concentration 
profiles are plotted in Figure 6 as a function of x for different values of the reduced 
longitudinal coordinate A. It can be observed that for large values of A, a thin 
reactive zone is located at a well-defined xY(A) which separates the frozen region from 
the equilibrium region. 

The asymptotic solution obtained by Liñán (1974) for the premixed flame regime 
can be used in order to follow the further evolution of the premixed flame. We 
introduce 

o = Xf~X-
Thus, Eq. (75) reduces to 

= [A exp(7«x/)]/- exp( —r —m<r), (78) 

with the boundary conditions 

dr 
— = 0 at or = x7 -* oo 

and 8a (79) 
dr 

= 1 at o- -> — oo. 
da 

Equations (78) and (79) have a solution only for 

1 
A exp(mxf) = - , (8°) 



which gives the relationship between xf and A. That is, it gives the position of the 
premixed flame in the (x, A) plane. This relation is plotted in Figure 7 as compared 
with the numerical solution to Eqs. (75) and (76). The flame non-dimensional tem
perature can be obtained through the following relation obtained by Uñan (1974): 

t\S{= ef~-Xf = -pv + inxf, (81) 

where po is a function of a (or m) and can be obtained from the correlation given by 
Liñán (1974), 

p0 = Lnt0.6307w2- 1.344/71+ 1]. (82) 
m 

Therefore, Eq. (81) shows that the non-dimensional flame temperature decreases as 
the flame separates from the wall due to the fact that m is negative in this regime. 

RESULTS AND CONCLUSIONS 

In this paper an analysis is made on the premixed combustion of combustible gases 
ignited by a hot flat plate in a boundary layer flow. One of the most important 
parameters in this type of process is the reactant consumption parameter a. This 
parameter measures the effect of the fuel consumption in the ignition process. For 
small values of this parameter (low temperatures of the plate), the rapid increases in 
the gas temperature take place without fuel consumption. For values of a less than 
a critical value (ac= 1,0698) ignition is characterized by a thermal runaway. In this 
case, a three-term asymptotic series is obtained for the Damkohler number for 
ignition that gives very good results for moderate values of the Zeldovich number. 
In TabJe I a comparison is made between results obtained through numerical inte
gration of the governing equations by Law and Law (1979) and that obtained ana
lytically in this work. 

TABLE I 
Comparison between analytical solution D and the numerical results D» 

for the critica] Damkohler number for ignition 

e 

0.1 
0.102 
0.1 
0.1 
0.10204 

a 

0.0875 
0.09 
0.075 
0.175 
0.0875 

A 

0.7 
0.706 
0.6 
0.7 
0.7 

At (numerical) 

2.0861 
2.1095 
2.1794 
2.2861 
2.0973 

D (analytical) 

2.0366 
2.0467 
2.1366 
2.1775 
2.0536 

This table shows a very good agreement within a few percent. However, the effect 
of the Zeldovich number is important as shown in comparison with the several terms 
in the asymptotic series. As mentioned before, this is due to the higher order effects 
in the convective heat transfer rates towards the outer non-reactive zone. The critical 
dimensional distance from the leading edge in order to achieve the ignition condition 



for values of a < ac is then given by 

'Lj = 
K « [ 0 / W (fa\ N 

»{-^-)Aj(a)[l+yie + 72fi
6/B + ¿?(É^5)], 2BPrW E exp (83) 

with 

h = 2 + 3(l-Q)i/o 

Ji = -1.125M*, 

r (i _Í))V2-Í y Ma) 
M5/3- L(i + in4) + 

e A 

and 

M = 4K)(i-ü) 1/5 

For values of a larger than aC} the further evolution of the process leading to a pre-
mixed flame is studied. The location of this flame was obtained and the flame tem
perature was deduced, showing a decrease as the flame separates from the wall. This 
is because in this regime, the plate temperature is higher than the adiabatic flame 
temperature of the combustible mixture. The results obtained by Liñán (1974) for 
his premixed flame regime, are used in order to study the evolution of the premixed 
flame as it is located far away from the wall. 

Appendix 

IGNITION ENERGY 

In this paper we have assumed a uniform temperature of the plate. However, in 
order to achieve a certain temperature we have to add energy externally and this 
energy is called the ignition energy. 

The results obtained in this work can be easily extended to the case where the 
thermal conductivity of the plate is high enough. We consider here a flat plate heated 
from below with the average heat flux per unit length and unit time denoted as qc. 
The local heat flux in the upper surface of the plate, qu, is related to the non-
dimensional heat flux q, defined in Eq. (30) as, 

(A.l) 

The steady-state condition can be achieved if the net heat flux at the surface vanishes. 
That is, the total heat flux in the upper surface equals the flux in the lower surface. 
This is expressed as 

qudx = qeL. (A.2) 



FIGURE A.l Non-dimensional total heat-flux parameter S as a function of the reactant 
consumption parameter a. 

Introducing Eq. (A.l) into Eq. (A.2) we obtain 

\/f 
d£ = 

QYifrVfafteHnWiO) 
(A.3) 

Equation (A.3) gives the relationship of the temperature of the plate, included in ¿8 
and the external energy flux, qe. The left-hand side of Eq. (A.3) to the lowest order 
can be given by the Zeldovich approximation 

r1 v(wa 
di = - 5(a), (A.4) 

which is a function of the reactant consumption parameter a. This function is plotted 
in Figure (A.l). For a~0 , from Eq. (A.4), it can be shown that ,S(G) = ir/2. From 
the definition of a given by Eq. (41), we obtain finally 

aS(a) = 
qeSc*'W(2L3) 

QYpny'iUca pao ¡ico) f"(fy 
(A.5) 

which related the external energy flux with the reactant consumption parameter. The 
temperature of the plate can be obtained through Eqs. (13) and (41). 


