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Abstract

Ignition delay of stagnation-point oxidizing flows over a wall with the injection of fuel is analyzed numerically. The
validity of various criteria of ignition delay, i.e., the adiabaticity criterion and the thermal runaway criteria (0 Tnax/
02 = 0 and D’ /01 = 0), is investigated for the problems of cold flow/hot wall and hot flow/cold wall. For cold flow/
hot wall systems, the ignition delay decreases with the mass flux of fuel (m,) if m,, is below a critical value (m ). The
ignition delay is kinetically controlled for my, < my.. For my > my, the ignition delay increases with m,, and is dif-
fusionally controlled by the deficient oxidizer. The adiabaticity criterion is suggested from the viewpoints of practice
and simplicity. For hot flow/cold wall systems, the ignition delay decreases with m,, and is diffusionally controlled by the
deficient fuel. The criterion of Q*wmax/0f? = 0 is suggested both qualitatively and quantitatively. In addition, the effects
of flow strain rate, Lewis numbers and Prandtl number on ignition delay are investigated. © 2002 Elsevier Science Ltd.

All rights reserved.

1. Introduction

Ignition of combustible flows has received apprecia-
ble attention because this issue is of both academic and
practical interest. Most research works were concerned
with the ignition criteria corresponding to the condition
for lower vertical tangency on an S-shaped ignition—
extinction response curve according to a steady-state
model [1-13]. Based on a steady-state model, the igni-
tion criterion only determines whether the ignition for
the system of interest is eventually achieved or not;
thereby the information of ignition delay is not avail-
able. Physically the solution of ignition delay is directly
related to answer how long it will take to ignite the
combustible mixture for a given system. From a prac-
tical point of view, the magnitude of ignition delay is
frequently significant for the design of combustion sys-
tem. As compared with the results of steady ignition
criteria, the physical concepts of ignition delay for var-
ious combustible flows are relatively inadequate. There-
fore, the relevant analyses of ignition delay are required.
Ignition delay of non-premixed stagnation-point flows
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is investigated numerically in the present work. The
problem of ignition delay is intrinsically unsteady such
that a transient approach with given initial conditions is
needed for the analysis of ignition delay.

For combustible stagnation-point flows, the steady
ignition criteria were obtained [1-3] for various sys-
tem conditions. The steady ignition criteria for other
boundary-layer flows [4-9], mixing layers [10], jets [11,
12] and pipes [13] were investigated theoretically. Several
research works concerned with the ignition delay includ-
ing the problem of droplet ignition were published [14—
20]. The ignition delay for the above wall-bounded and
boundary-free shear flows was not systematically ana-
lyzed. For wall-bounded shear flows, the chemically re-
acting stagnation-point flow is not only a fundamentally
important flow configuration but also is probably the
unique one that admits self-similar solutions. Thus the
stagnation-point flow is preferred on the academic side,
especially for the first step in research. Ignition delay of
stagnation-point oxidizing flows with a mass flux of fuel
injected from the wall is of our interest. The temperature
of fuel injected from the wall is the same as that of the
wall. In particular, two distinct types of flow conditions
are considered such as the system of cold oxidizing flows
with the injection of fuel from a hot wall and that of hot
oxidizing flows with the injection of fuel from a cold wall.

0017-9310/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.
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Nomenclature

defined in Eq. (1)

frequency factor

specific heat at constant pressure
mass diffusivity

activation energy

defined in Eq. (10)

defined by F = f”

(= of /2¢)

defined in Eq. (10)

Lewis number

flame thickness

mass flux of fuel injected from the wall
nitrogen

reaction order

pressure

Prandtl number

specific heat of combustion

gas constant

universal gas constant
propagation speed of premixed flame with
the same Yo, and Yep
temperature

time

velocity in the x direction
velocity in the y direction
molecular weight

coordinate along the wall

mass fraction

HERNPVIZISLINTIUEOS B

~<><§\::Nﬂ

y coordinate normal to the wall
Greek symbols

o strain rate of flow

p temperature exponent

0 non-dimensional activation energy
A thermal conductivity

u viscosity

v stoichiometric coefficient

19 defined in Eq. (16)

o density

a mass stoichiometric ratio

w specific reaction rate
Subscripts

c critical value

F fuel

i index for species

ig ignition

max maximum value

min minimum value

(0] oxidizer

w wall

00 oxidizing ambience
Superscripts

~ dimensional or original quantity
* transformed coordinate

The latter case is of great interest because the ignition is
achieved due to outer hot flows instead of a hot wall.

Three typical criteria of ignition are adopted in this
work, i.e., the adiabaticity criterion (07/0y =0 at the
wall) and the thermal runaway criteria (0%Tpc /0> = 0
and O’y /02 = 0). The validity of these ignition cri-
teria for both the cold flow/hot wall and the hot flow/
cold wall systems is investigated. All mechanisms of ig-
nition delay are analyzed to establish the relationships
between these mechanisms of ignition delay and system
parameters. The sensitivity of system parameters (e.g.,
the strain rate of oxidizing flows, the Lewis numbers and
the Prandtl number) influencing the ignition delay is
assessed. The results of ignition delay obtained here are
valuable for researchers and engineers to extend their
concepts of ignition.

2. Formulation

For the problem of oxidizing stagnation-point flows
with a mass flux of fuel injected from the wall, the

following assumptions are made. The flow is unsteady,
two-dimensional and laminar viscous; 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; the temperature of fuel
injected from the wall is equal to that of the wall;
chemical reactions between the fuel (F) and the oxidizer
(O) are represented by a global one-step irreversible
reaction (F 4+ voO — products); the combustible gas is
a mixture of ideal gases with constant values of pi, pi
and p*D;. The nitrogen gas (N,) is frequently an
abundant species in the gaseous mixture of oxidizing
flow (e.g., air). We consider that the fuel diluted by N,
is injected from the porous wall. For simplicity, the
universal gas constant R, in the ideal-gas equation of
state is replaced by the gas constant R where R =
R,/ WNZ and the transport coefficients of the gaseous
mixture i, 4 and D are approximated by fiy,, /TN2 and
DLNZ, respectively. i

The origin of the coordinate system is located at the
wall in a stagnation-point flow, with x and y indicating
the distances along and normal to the wall, respectively.
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With the above assumptions, in terms of the following

non-dimensional variables:

u=1a/s?, v==0/5, x=2x/I,

y=3/l, t=§i/l, P=P/Py, T=T/I,

Ye=Ye, Yo=TYo/o, p=p/ite, »=Alhx,

Dy =D;/Diw, q=§/épTx, 0=E/RT,

ap =P[5y Pr=Goli/ Aoy Lei = hc/DocCeDice,
(1)

where I, = 1, /PsCps? and ¢ = vo Wo/ Wy the governing

equations for the low-Mach-number stagnation-point
flows are:

dp  O(pu)  O(pv)
ot ox dy

Ou S Ou . a_u
ot oy

P =P/Ps

=0, (2)

o
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(5)
%, o%, 0%
Pl " e "%y
— Le! 3 D-% +g D: % —w
e P Oy pE dy ’
i=F,O, (6)
pT =1, (7)

where w = BTF" Y Y5 exp(—0/T) with

B Ev"oo . P, !
e e T\ R

and n = ng + no. The relevant boundary conditions are:
at y =0:

u=0, pv=my, T=T,,

pDr0OYr /0y = Lepmy(Yr — Yrp),

pDodYo /By = Leomy Yo, (8)
as y — oo:

u—ox, v——oy, p—1, T—1 Yr—0,

Yo — Y0005 (9)

where m,, = ity /. 52 and o = /..6/p. és¢. The initial
conditions are given by the steady solutions of isother-
mal stagnation-point flows with 7 =1, ¥r =0 and Yo =
Yorse.

For stagnation-point flows, we have the similar so-
lutions as follows:

P:P( s )7 uZXF(y>t)7 U:U(yvt)v
T=T(yt), P=-ux*/2ap+H(,1),
w=uT)=py1), i=AuT)=2iy1),
D; = D,(T) =D; Y, l). (10)

Substituting the above similar solutions, we obtain

Ly pr =, (1)

(EE) e nE (), e
(ars) 5 e 5 05)

b

(15)

For the convenience of numerical computation, we
introduce the transformed coordinate system (x*, &, ¢*),
where

)
xX'=x, &)= / p(y,t)dy’ and 1 = 1. (16)
0

The continuity equation (11) is automatically satisfied
for F=f"=0f/0¢ and v = —(f + 0&/0¢)/p. Egs. (12),
(14) and (15) become

af'//at* _ff// — _f/2 + OCZT —|—Prf’”7 (17)
or or 3T

=" 4yqT 1
o T T T (18)
oY oY *Y;

o Tae T e T T (19)

with pp = pi = p*D; = 1 due to the constant values of
pii, pA and p*D;. The boundary conditions (8) and (9)
are reduced to be:

at £ =0:

f,:0> f:_mW7 T=T,,

6YF/6§ = Le‘]:mW(YF — YF,P), @Yo/@f :Leomeo, (20)
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as & — oo
o T — 1, YF—>07 Yo—> YO.oov (21)

Finally, the problem of interest is governed by Egs.
(17)—(19) with the boundary conditions (20) and (21). A
numerical analysis is performed to obtain the ignition
delay for varied system parameters.

3. Criterion of ignition delay

There are two types of criteria of ignition delay for
the problem of interest, i.e., the adiabaticity criterion
and the thermal runaway criterion. The definition of
adiabaticity criterion is 07 /0y = 0 at the wall, where the
direction y is normal to the wall. The adiabaticity cri-
terion is readily applied to the problems of thermal ig-
nition with a hot wall. It implies that the heat release of
chemical reactions is so much that the heat starts to be
transferred to the hot boundary instead of receiving the
heat from it. Physically, the chemical reaction leading to
ignition has become self-sustaining. This criterion can be
approximately considered to be dw/0y = 0 at the wall
because the dependence of chemical reaction on tem-
perature is great and the consumption of reactants prior
to ignition defined by 07/0y = 0 at the wall is small.
According to the criterion of dw/0y = 0 at the wall, a
transition of the location of maximum chemical reaction
rate from the hot solid boundary to the gas phase occurs
as this criterion is achieved. The magnitudes of ignition
delay predicted by both 07/0y = 0 and dw/dy = 0 at the
wall are quite close.

Traditionally, there are two ways to define the ther-
mal runaway criterion, i.€., 0* T /0 = 0 and 8 Wpax/
92 = 0. The criterion of 0*wma/0* = 0 is directly re-
lated to the actual burning state of flames; thereby it is
better than the criterion of d*T},,/0> = 0 both physi-
cally and theoretically. The numerical results presented
later also reveal that the criterion of 8*wy.y /0% = 0 in-
stead of that of 0?7y, /0% = 0 is suggested both quali-
tatively and quantitatively even though the criterion of
O’ Wmax /02 = 0 is difficult to be determined by experi-
ment due to the lack of instantaneous measurement of
Omax- The thermal runaway criterion indicates that a
steady flame will be established when the maximum re-
action rate rises rapidly and then gradually levels off. As
compared with the adiabaticity criterion, it is more fa-
vorable to determine the ignition delay of non-premixed
systems composed of hot oxidizing flows over a cold
wall with the injection of fuel according to the thermal
runaway criterion.

4. Numerical method

The method of lines [21] is adopted to solve Egs.
(17)—(19) with the boundary conditions (20) and (21).

All spatial derivatives are discretized according to a
power law [22] whereas the time derivative remains
continuous. The magnitude of f'is considered as a given
solution obtained readily by integrating f” from 0 to ¢ at
the previous time step. Thus the problem of interest is
reduced to a system of coupled non-linear ordinary dif-
ferential equations. The fourth-order accurate Runge—
Kutta—Fehlberg scheme with a local integration error
equal to 1077 is used in this work. The infinite domain
0< ¢ < oo is truncated in such a way that the numerical
solutions are not influenced by the boundary of com-
putational domain which is ¢ = 20.0 in this work. The
grid size is adjusted to obtain an accurate solution of
ignition delay with a maximum relative error equal to
3%. Depending on system parameters, the range of the
number of grid points is from 301 to 451.

5. Results and discussion

The input system parameters in the present work are
B=74x10", =0.0, np =0.15, no=1.6, P=1 atm,
¢, =105x103kJ/gK, g=42kJ/g, W =58 g/mol,
Wo = 32 g/mol, vo = 6.5, Yo, = 0.06 and 0 = 50.0.

5.1. Effects of wall temperature, mass flux of fuel and
temperature of oxidizing flow on ignition delay

According to the adiabaticity criterion (07 /0y = 0 at
vy = 0), the plot of ignition delay () versus the mass flux
of fuel injected from the hot wall (m,,) for varied wall
temperature (7y,) is shown in Fig. 1. The results reveal
that the ignition delay decreases initially with m, and
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Fig. 1. Ignition delay #, versus injected mass flux of fuel m, for
varied T, according to the adiabaticity criterion (7, = 1.0,
o=0.01, Yep = 0.4, Ler = Leo = 1.0 and Pr = 0.7).
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then increases with m,, after the magnitude of m,, reaches
a critical value (my ). The minimum ignition delay oc-
curs at my = my.. For my < my,., the ignition delay
decreases with m,, such that the kinetically controlled
ignition delay is physically expected. The gas-phase
temperature near the wall increases with the mass flux of
hot fuel injected from it. The chemical reactions leading
to ignition are mainly influenced by temperature for the
region of kinetically controlled ignition (my < my).
Physically, the temperature in the vicinity of wall in-
creases gradually with the mass flux of fuel injected from
the hot wall, but the concentration of oxidizer near the
wall decreases with it. The ignition delay eventually
becomes diffusionally controlled due to the deficient
oxidizer when the mass flux of fuel injected from the wall
exceeds a certain critical value (m,.). A transition be-
tween the kinetically controlled ignition delay and the
diffusionally controlled ignition delay occurs at my =
my. The effective Lewis number is expected to be Leo,
especially for the region of diffusionally controlled ig-
nition. As shown in Fig. 1, the region of kinetically
controlled ignition increases with the wall temperature.
The kinetically controlled ignition delay is preferred
for great T, because of an exponential dependence of
chemical reactions on temperature according to the
Arrhenius rate expression. The magnitudes of m,,. for
Ty =4.2, 4.5 and 4.8 are 0.065, 0.11 and 0.14, respec-
tively. For the great wall temperature (e.g., 7, = 4.8),
the characteristics of diffusionally controlled ignition
delay are not obvious such that the corresponding
magnitudes of ignition delay can be roughly viewed as a
constant, which depends on T,.

According to two types of thermal runaway criteria
(O Tinax /0 = 0 and 0’y /0 = 0), the results of #,
versus m,, injected from the hot wall for varied T,, are
illustrated in Fig. 2. As compared with the magnitudes
of #, given in Fig. 1, the ignition delay is modified
mainly in a quantitative way. The ignition delay shown
in Fig. 2 is invariably greater than that shown in Fig. 1.
The characteristics of diffusionally controlled ignition
delay become obvious for great wall temperature. The
qualitative behaviors of ignition delay are almost the
same for these two criteria of ignition delay. The ignition
delay obtained by 0?wmax/0? = 0 is smaller than that
obtained by 027Tp,,/0t* = 0. According to Fig. 2, the
quantitative difference of m,, . between two ignition cri-
teria is negligible. The magnitudes of my for T;, = 4.2,
4.5 and 4.8 are 0.07, 0.12 and 0.155, respectively. As
compared with the results in Fig. 1, the region of diffu-
sionally controlled ignition caused by the deficient oxi-
dizer slightly decreases because the concentration of
oxidizer at the location of ignition, where it keeps away
from the wall according to the thermal runaway crite-
rion, is greater than that at the wall.

Physically, there is a minimum value of my, (7 min)
below which the ignition of non-premixed flames for the

50.0 L) l Ll I | I Ll

32w, [0 -

40.0 — — o/t

30.0

20.0

10.0

'0.00 0.05 0.10 0.15 0.20

Fig. 2. Ignition delay #, versus injected mass flux of fuel m,, for
varied T, according to Wpmux/0 =0 and 0% Tpa /0> =0
(T =1.0, 0 =0.01, Ypp = 0.4, Legp = Leo = 1.0 and Pr = 0.7).

problem of interest cannot be achieved. The ignition
delay approaches an infinite value at my = mymin, as
shown in Figs. 1 and 2. This minimum value is a func-
tion of Ty, for a given flow system [9]. Obviously, the
minimum mass flux of fuel injected from the hot wall is
expected to decrease as the wall temperature increases.
The numerical results also reveal that the magnitude of
My min 1S quite insensitive to the ignition criteria, namely
the adiabaticity criterion, 0*@wmay /0 =0 and T/
0 = 0, adopted in this work. According to Figs. 1 and
2, the values of my i, are 0.007, 0.0046 and 0.0035 for
Ty = 4.2, 4.5 and 4.8, respectively.

For the problem of thermal ignition with a hot wall,
there are no explicit reasons to conclude which one of
ignition criteria is better even though some quantitative
discrepancies of ignition delay between the adiabatic
criterion and the thermal runaway criteria are found.
For the purpose of qualitative prediction, the adiaba-
ticity criterion is suggested because the corresponding
ignition delay is easier to be obtained both numerically
and experimentally.

For the problem of ignition delay of hot oxidizing
flows over the cold wall with an injected mass flux of
fuel, the thermal energy leading to gas-phase ignition is
supplied from the hot oxidizing flow itself instead of the
wall. Therefore, the adiabaticity criterion is not adopted
here. The ignition delay is determined appropriately by
the thermal runaway criteria. The ignition delay as a
function of the mass flux of fuel injected from the cold
wall for varied temperature of oxidizing flow (7) is
shown in Fig. 3. The results reveal that the ignition
delay predicted by 0°Tp,,/0> = 0 is greater than that
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Fig. 3. Ignition delay f, versus injected mass flux of fuel m,, for
varied T, according to 0’0 /0 =0 and 0°Tp,, /0 =0
(Ty=1.0, 0=0.02, Ypp=0.2, Ler = Leo = 1.0 and Pr=10.7).

predicted by Q®wp.x /0> = 0. For this type of ignition,
the thermal ignition is expected to occur at a location
near the side of hot oxidizer due to the great dependence
of chemical reactions on temperature. The fuel-lean
combustible mixture is found at the location of ignition,
and thereby the effective Lewis number is Ler here.
According to Fig. 3, the ignition delay decreases
monotonically with m,, for fixed 7,. Obviously, this fact
implies that the ignition delay is diffusionally controlled
by the deficient fuel at the location of ignition far away
from the wall because the concentration of fuel increases
with m,,. The kinetically controlled ignition delay is not
observed. The cooling effect due to an increase in the
mass flux of cold fuel is insignificant because a great
amount of hot oxidizer is mixed with a small amount of
cold fuel at the location of ignition.

According to Fig. 3, the ignition delay determined by
O’ Wmax /0 = 0 decreases with T,, for given m,, as
physically expected. However, the ignition delay ob-
tained by 0?7, /0> = 0 exhibits a different result for
small values of m,, (e.g., my = 0.1). The magnitudes of
My min Predicted by 02T,y /08> = 0 are greater than those
predicted by 0?Wmax /0% = 0. The variations of ignition
delay with T, for selected values of m, according to the
thermal runaway criteria (0%Tinay /0> = 0 and 8’ Wpayx/
92 = 0) are illustrated in Fig. 4. For great my, (m, =
0.2), the ignition delay decreases monotonically with 7,
for both thermal runaway criteria. However, the igni-
tion delay for m, = 0.1 according to the criterion of
0% Tinax /02 = 0 initially decreases with T, and then in-
creases with it after the magnitude of 7, is greater than
a critical value. Physically, the ignition delay for fixed

8.00 T T T T T T T

2wy [01

\ — = T/

0.00 1 l 1 l 1 I 1
4.40 4.80 5.20 5.60 6.00

Fig. 4. Ignition delay #, versus temperature of oxidizing flow
T, for varied m,, according to 8>y, /3 = 0 and 0Ty, /O =
0 (Ty=1.0, 0 =0.02, Ypp =0.2, Lep = Leo = 1.0 and Pr=
0.7).

my, is expected to decrease with 7,.. According to the
criterion of 0T,y /0f* = 0, this criterion can be satisfied
only when T, is greater than T,  because the high
temperature 7, is the maximum system temperature
initially. This fact implies that the ignition delay tends to
increase for great 7., because the system must wait until
the condition of T,,,x > T is achieved. The location of
flame moves toward the side of cold fuel when the mass
flux of fuel injected from the wall gradually decreases.
Obviously, the flame temperature decreases as m,, de-
creases. This mathematical restriction (T > T) is not
suitable when the flame temperature eventually achieved
is close to the temperature of hot oxidizing flow. The
behavior of #, versus T, for m, = 0.1 according to the
criterion of 0?7, /0> =0 (Fig. 4) is caused mathe-
matically, not physically. With decreasing m,, further,
the criterion of 8T, /0> = 0 becomes invalid when the
flame temperature is equal to or even smaller than T,
for my <myg,, —r.. The magnitudes of my g, 7. here
cannot be physically viewed as a minimum mass flux of
fuel at ignition even though the infinite values of ignition
delay are obtained in Fig. 3. Because the criterion of
0 Thnax /072 = 0 fails to predict the qualitative behavior of
ignition delay for small m, (Fig. 4) and the minimum
mass flux of fuel at ignition (Fig. 3), it serves only as a
sufficient but not a necessary condition.

There is no such a mathematical restriction imposed
on the criterion of &y, /0 = 0 when the maximum
chemical reaction rate continuously increases with time.
Physically, the magnitude of @y, is directly related
to the burning rate for the problem of interest. The
numerical solutions in Figs. 3 and 4 according to the
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criterion of ©?wp,, /0> =0 are physical results. As
shown in Fig. 3, the magnitudes of my i, for 7, = 4.6,
5.0 and 5.8 are 0.07, 0.055 and 0.04, respectively.

5.2. Effect of flow strain rate on ignition delay

For the system of cold oxidizing flows over a hot wall
with the injection of fuel, the plot of ignition delay
versus flow strain rate (o) is presented in Fig. 5. The
ignition delay increases with o because of an increase in
the strain rate of cold flows. The effect of o on ignition
delay for the region of kinetically controlled ignition
(my = 0.05) is slightly greater than that for the region of
diffusionally controlled ignition (m,, = 0.2).

For the system of hot oxidizing flows over a cold wall
with the injection of fuel, the effect of o on ignition delay
is shown in Fig. 6. Obviously, the ignition delay de-
creases with the strain rate of hot oxidizing flows. Ac-
cording to Fig. 6, the influence of « on ignition delay
decreases as the mass flux of cold fuel increases.

5.3. Effects of Lewis number and Prandtl number on
ignition delay

For the problem of cold oxidizing flows over a hot
wall with the injection of fuel, the effects of Ler and Leg
on ignition delay are shown in Figs. 7 and 8. The
combustible gas at the location of ignition is a fuel-rich
mixture because the ignition process proceeds just on
the hot wall. Therefore, the influence of Leg on ignition
delay is greater than that of Ler on it, as shown in Figs. 7

6.00

4.00 —

| I
0.00 0.02 0.04 0.06 0.08 0.10
(24

Fig. 5. Influence of flow strain rate o on ignition delay #, for
cold oxidizing flows over a hot wall according to the adiaba-
ticity criterion (7, = 4.5, T, = 1.0, Yep = 04, Leg = Leg = 1.0
and Pr=0.7).

5.00 T I I I T I T I T
4.00 |- -
iy 3.0 -— _:
2.00 --- 02 ]
1.00 - 1 l 1 I 1 I 1 I 1 |
0.00 0.02 0.04 i 0.06 0.08 0.10

Fig. 6. Influence of flow strain rate o on ignition delay #, for
hot oxidizing flows over a cold wall according to 8*wp,, /0> = 0
(Ty = 1.0, Te = 5.0, Yep = 0.2, Leg = Leo = 1.0 and Pr = 0.7).

and 8. According to Fig. 7, the ignition delay decreases
with Leg. Physically, the mass diffusivity of fuel de-
creases with Ler such that the concentration of fuel in-
jected from the wall reaches a greater value near the wall
for a smaller mass diffusivity of fuel. It is expected that
the ignition delay decreases with the concentration of
fuel near the wall. As shown in Fig. 7, the effect of
Ler on my, is negligible because the diffusionally con-
trolled ignition delay is caused by the deficient oxidizer.

6.00 r

550 p—

5.00 |~

4.00 [~

3.50 1 I 1 l 1 I 1 I ]
0.00 0.04 0.08 0.12 0.16 0.20
m

w

Fig. 7. Ignition delay 4, versus injected mass flux of fuel m,, for
varied Ler according to the adiabaticity criterion (73, = 4.5,
T = 1.0, 2 =0.01, Ygp =04, Leo = 1.0 and Pr =0.7).
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Fig. 8. Ignition delay #, versus injected mass flux of fuel m,, for
varied Lep according to the adiabaticity criterion (7, = 4.5,
T, =1.0,2=0.01, Yep =04, Ler = 1.0 and Pr = 0.7).

According to Fig. 8, the ignition delay increases with
Leg. The concentration of oxidizer becomes smaller near
the wall when the mass diffusion of oxidizer from the
free stream to the wall is more difficult due to a smaller
mass diffusivity of oxidizer. The effect of Leg on my,
is prominent because of diffusionally controlled igni-
tion delay caused by the deficient oxidizer. The region of
diffusionally controlled ignition increases with Leo, as
physically expected.

For the problem of hot oxidizing flows with the cold
fuel injected from the wall, the effects of Ler and Leo
on ignition delay are illustrated in Figs. 9 and 10. As
discussed previously, the ignition process of fuel-lean
mixtures is observed. The ignition delay is diffusionally
controlled by the deficient species of fuel; thereby the
effective Lewis number is Leg. According to Figs. 9 and
10, the influence of Ler on ignition delay is much greater
than that of Lep on ignition delay, as physically ex-
pected. For given m,, the ignition delay increases sub-
stantially with Leg, but decreases slightly with Leg. The
concentration of fuel near the location of ignition in-
creases with the mass diffusivity of fuel such that a short
ignition delay is preferred for small Ler (Fig. 9). How-
ever, the concentration of oxidizer near the location
of ignition decreases with the mass diffusivity of oxi-
dizer. The long ignition delay is expected for small Leg
(Fig. 10).

As compared with the effects of mass diffusivities of
reactants (Lewis numbers) on ignition delay, the influ-
ence of thermal conductivity (Prandtl number) on igni-
tion delay is physically understandable. For the problem
of cold oxidizing flows over a hot wall with the injection
of fuel, the numerical results reveal that the ignition
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Fig. 9. Ignition delay #, versus injected mass flux of fuel m,, for
varied Lep according to Q*wpa/0* =0 (T, = 1.0, T,, = 5.0,
o =10.02, Ypp = 0.2, Leo = 1.0 and Pr = 0.7).
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Fig. 10. Ignition delay #, versus injected mass flux of fuel m,,
for varied Leop according to *wmay /0> =0 (T, = 1.0, T, =
50, 0 =002, Ypp =02, Lep = 1.0 and Pr=0.7).

delay increases with the thermal diffusivity of gaseous
mixture. The region of kinetically controlled ignition
decreases with the thermal conductivity because more
heat loss from the hot wall to the cold flow occurs for
a greater thermal conductivity. Similar to the above re-
sults, the ignition delay for hot oxidizing flows over a
cold wall with the injection of fuel increases as the
thermal diffusivity of gaseous mixture increases.
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6. Conclusions

Ignition delay of stagnation-point oxidizing flows
with a mass flux of fuel injected from the wall is inves-
tigated numerically in the present work. Three criteria
of ignition delay, i.e., the adiabaticity criterion, 0> Tjay/
0 =0 and O’Wp,,/0? =0, are adopted to evaluate
the magnitudes of ignition delay for various system
parameters. The following conclusions have been drawn.

For the system of cold oxidizing flows over a hot wall
with the injection of fuel, the qualitative behaviors of
ignition delay can be satisfactorily predicted by any of
ignition criteria used in this work. The ignition delay is
kinetically controlled for my < my.. The ignition delay
decreases with m,, in the region of kinetically controlled
ignition. The ignition delay becomes diffusionally con-
trolled due to the deficient oxidizer at the location of
ignition for my, > my. The ignition delay increases with
my, in the region of diffusionally controlled ignition. The
ignition delay is minimum at my = m,.. The ignition
delay obtained by the adiabaticity criterion is smaller
than that obtained by the thermal runaway criteria. The
ignition delay determined by the criterion of 0w,/
0 = 0 is slightly smaller than that determined by the
criterion of 8T,y /0> = 0. Both the magnitudes of ny
and my, mi, predicted by three criteria of ignition delay
here are very close. For a practical point of view, the
quantitative variations of m,, . and m., mi, With the criteria
of ignition delay are negligible. The adiabaticity crite-
rion is suggested for the simplicity of numerical com-
putation and experimental measurement. The ignition
delay increases with the strain rate of oxidizing flows.
The influence of strain rate on the ignition delay for the
kinetically controlled region is slightly greater than that
for the diffusionally controlled region. The effect of Leg
on ignition delay is greater than that of Ler on it. The
magnitudes of ignition delay increase and decrease with
Leo and Lep, respectively. The ignition delay increases
with the thermal conductivity. However, the region of
kinetically controlled ignition decreases with it.

For the system of hot oxidizing flows over a cold wall
with the injection of fuel, the ignition delay decreases
with m,, for the entire range of m,,. The ignition delay is
diffusionally controlled by the deficient fuel. The ignition
delay is readily determined by the thermal runaway
criteria instead of the adiabaticity criterion. The ignition
delay obtained by the criterion of 02wy, /0 =0 is
smaller than that obtained by the criterion of &7Tj../
02 = 0. According to the criterion of 0% T,y /0f? = 0, the
qualitative behavior of ignition delay for small m,, is not
physically correct. The criterion of 02Ty, /0> = 0 is not
proper to determine the minimum mass flux of fuel at
ignition. This fact indicates that the magnitudes of ny min
are obtained only by the criterion of 8?wp,, /0 = 0.
The criterion of 8wy, /0 = 0 is suggested both qual-
itatively and quantitatively. The ignition delay decreases

with the strain rate of oxidizing flows. The effect of
flow strain rate on ignition delay decreases with m,,. The
influence of Ler on ignition delay is much greater
than that of Leo on it. The values of ignition delay
increase and decrease with Ler and Leg, respectively.
The ignition delay increases with the thermal conduc-
tivity.
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