1. Introduction

The first theoretical analysis of the two-dimensional structure of a triple flame is due to Dold and coworkers [25-27], who used a constant density model
with a single-step chemical reaction with large activation energy. The analysis of triple flames was later
extended to nonunity Lewis numbers by Daou and Lilian [28]. Using a different approach, Buckmaster [29]
developed a simplified one-dimensional model containing some of the key physical ingredients of the
problem. In all cases, the analysis predicted flames
with advancing, retreating, or stationary edges depending on the Damkohler number.
The effects of thermal expansion on the propagation velocity of triple flames were first studied by
Ruetsch et al. [30]. Due to thermal expansion effects in the curved flame-front region, the streamlines just upstream of the front are redirected outwards and the flow is slowed down before reaching
the flame. As a result, the flame-front propagation velocity UL relative to the upstream mixing layer is significantly larger than the stoichiometric planar flame
velocity SL. The resulting ratio Ur/S^ takes a value,
which we find to be of the order of 3, that we may
expect to be dependent on the stoichiometric value of
the mixture fraction, and also on the local upstream
velocity and concentration gradients, both determined
by the ratio <5L/<5m of the characteristic laminar flame
thickness, <5L, to the effective thickness of the mixing
layer, <5m.
Thermal expansion effects are characterized by the
dimensionless stoichiometric temperature increase
y = (Ts — To)/To, where r s denotes the stoichiometric flame temperature and TQ is the temperature
of the fresh gases. The flame-front propagation velocity Ul is known to increase, for large y, as the square
root of y [30]; but since the exothermicity parameter takes similar values for most hydrocarbons, e.g.,
y — 6.7 for methane beginning at ambient temperature, the front propagation velocity UL is expected
to remain relatively unchanged when different fuels
are considered. Accordingly, in the present work the
analysis will be carried out mainly for methane, although the results are expected to be similar for other
fuels (as will be shown for propane).
In this paper we present a numerical description
of the lifted diffusion flame in the mixing layer between two parallel streams of fuel and air, a configuration sketched in Fig. 1. Our main aim is directed to the calculations of freely propagating triple
flames, away from the region in the near wake of the
splitter plate that dominates the structure of the attachment region of the diffusion flames. Here, this
region is described with the boundary conditions corresponding to the flow of the fuel and air resulting from injection through a porous wall, as done
in some experimental configurations; see, for exam-
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Fig. 1. Schematic illustration of the two-dimensional reacting mixing layer between parallel streams of fuel and air
emerging from porous walls, showing the coordinates and
the upstream boundary conditions.
pie, Walsh et al. [34]. Accordingly, we shall assume
that the feeding streams come out normal from the
porous wall with uniform velocities Uo in the fuel
stream and Up^ < U$ in the air stream, and uniform temperature 7Q. The wall, located at x' = 0,
extends infinitely in the transverse direction, and the
two streams are separated for x' < 0 by an infinitely
thin splitter plate located at y' = 0. The analysis of
the structure of the flow in other flow configurations
at large Reynolds numbers, where the air and fuel
boundary layers merge at the splitter plate, is more
complex, involving for nonnegligible coflow of air
a triple-deck structure. This analysis, of more relevance for the description of the attachment region
of the diffusion flames in other flow configurations,
has been the subject of previous work by the authors
[7,8].
For the configuration shown in Fig. 1 analyzed in
this paper, the mixing layer originates from a NavierStokes region close to the splitter plate, where, even in
the absence of chemical reaction, upstream diffusion
and heat conduction are important. The scale ZN of the
Navier-Stokes region is defined by £/OZN/-DTA = 1 in
terms of the thermal diffusivity £>TA of the air stream
at the initial temperature 7Q. Further downstream, at
distances x' ^> ZN, the Navier-Stokes region evolves
to a slender mixing layer, with a thickness of order <5m ~ (Djj^x'/UQ) I <^C x'. These quasi-planar
mixing layers are encountered in slender laminar jetdiffusion flames at distances x' from the injector,
small compared with the jet developing length, L j =
a UQ/V/^, when the jet Reynolds number, of order
aUo/DjA, based on the initial radius a of the fuel
jet, is large compared with unity [35]. By an external localized energy source, we may ignite a flame in
the mixing layer. The flame front, which only at early
times may be a nearly spherical flame, will be rapidly

elongated by the flow; the upstream part of the front
soon reaches a quasi-stationary shape, and leaves behind a trailing diffusion flame; see, for example, the
recent numerical simulations of Qin et al. [31]. In this
case, for values of the fuel stream velocity UQ smaller
than a critical value, the flame may be anchored in the
Navier-Stokes region near the injector wall, or lifted
at distances xL <^C Lj. Then, in the regime that we analyze, the front lies in the annular mixing layer that
originates at the injector rim, which is locally planar in first approximation, with small relative errors
of order Sm/a <g^ 1. The formulation of the problem
of describing the structure of the flame-front region
when the flame is lifted at distances of the order of
L j is given elsewhere [35].
We will try to describe the structure and dynamics
of the upstream part of the flame front, which, when
located at a distance xl <g^ L j from the porous wall,
can propagate as a triple or edge flame with a front
velocity f/f = dxUdt relative to the injector, and can
be stabilized at a distance x\ determined by the condition f/f = 0. This liftoff distance depends strongly
on J/Q/.S'L, the r a n o of the fuel stream velocity to the
planar stoichiometric flame velocity, and on U^/UQ,
the coflow velocity ratio, and more weakly on y and
S = SYQH4Y!/YQ2^,
the air-to-fuel mass stoichiometric ratio, a thermochemistry parameter defined in
terms of the mass fractions, FcH4,F a n d Yo2,A, of fuel
and oxygen in the feeding streams, and the mass s of
oxygen required to burn, with the global reaction, the
unit mass of fuel. Notice that S, with the assumption
of unity Lewis numbers, leads to a value of the stoichiometric mixture fraction Z s = 1/(5 + 1).
In the present paper we will not take into account
the effects of the upstream velocity gradient. But
unlike previous investigations, most of which have
been devoted to the symmetric case S = 1, we consider the realistically large values of S encountered
in diluted and undiluted hydrocarbon-air combustion,
which leads to nonsymmetric flame fronts. In addition, the analysis takes fully into account the effects of
thermal expansion and the changes in transport properties with temperature.
When the triple flame front is lifted at a distance
Ld^>Xr^> ZN, upstream of the front the mixing layer
has a self-similar structure with a thickness <5m =
(DJJ^XI/UQ) I -^ xl. The structure of this mixing
layer will be the same for the mixing layer that develops downstream of a fuel injector (without porous
wall), when its thickness grows above the thickness
of the boundary layer at the injector wall. Therefore,
the results for lifted flames presented here are anticipated to be valid for more general configurations. In
this regime, hereafter referred to as the lifted flame
regime, the flame-front structure will depend not only
on S and y, but on the local Damkohler number,

Dm = (<5m/<5L) ^ 1, based on the thickness, <5m, of
the nonreacting mixing layer at the flame-front position and the laminar flame thickness, <?L = DTA/^LNote that the ratio <5L/<5m measures in nondimensional form the upstream concentration gradients.
In the lifted flame regime, the flame-front structure is that of a curved premixed flame with a radius
of curvature, of order <5m, large compared with the
flame-front thickness, of order <?L. Correspondingly,
the curved flame front propagates against the incoming flow as a quasi-planar premixed flame with a velocity £/L(</>), depending mainly on the local mixture
composition through the local value of the equivalence ratio, (f> = sYCU4tU/Y02tU, where FCH4,« and
YQ2U are the mass fractions of fuel and oxygen just
upstream of the flame-front. In the limit Dm ^> 1,
the flow is inviscid outside this thin premixed flame,
and the equivalence ratio remains constant along the
streamlines in the region of flow redirection ahead of
the front. Thus, one could in principle solve the flow
in the flame-front region by considering the flame as
an infinitely thin curved reaction sheet propagating at
a normal velocity £/L(</>) with respect to the incoming
flow and embedded in the inviscid flow region, but
the numerical solution of the resulting free boundary
problem is anticipated to be difficult, since the front
will be subject to the Darrieus-Landau instability. For
this reason, we shall use here the alternative approach
of integrating the complete set of conservation equations for large but finite values of Dm.
From the above discussion, it is clear that the dependence of the planar-flame velocity with <f> enters as
the essential ingredient of the influence of the kinetics
on the curved flame-front structure in the lifted flame
regime. Therefore, a realistic model for the fuel consumption rate, able to capture this dependence, must
be employed for an accurate computation of flamefront velocities. We will assume a one-step overall
Arrhenius reaction, allowing the activation energy E
to vary with the local value of the equivalence ratio in
order to reproduce the experimentally observed variation of the planar flame velocity. However, we emphasize that the formulation presented here remains
valid for more general chemical kinetic schemes; nevertheless, the results are anticipated to be similar in
the limit Dm » 1.
For steady lifted flames, the results, given here for
both diluted and undiluted fuel streams in the case
UA = U0, relate the ratio, U{/SL = (U0 - Uf)/SL,
of the front velocity (relative to the upstream flow)
to the planar stoichiometric flame velocity with the
Damkohler number, D m , and also give the liftoff distance x\ as a function of the Damkohler number.
For large values of Dm, the results provide values
of the front propagation velocity that are in good
agreement with previous experimental results, yield-

ing well-defined conditions for blowoff. As will be
discussed below, for unsteady lifted flames, the dynamics of the flame front is still given by the universal
description of the lifted flame regime.
In order to describe the transition from the attached regime to the freely propagating (or lifted)
regime we have analyzed, with the same overall kinetic law, the case where the flame front is located
close to the porous wall, at a distance xl of the order of
the Navier-Stokes length, ZN- In this regime, hereafter
referred to as the attached flame regime, the flamefront structure becomes that of an edge flame, where
upstream heat conduction to the injection wall plays
an essential role. This regime corresponds to values
of order unity or larger of the ratio £>N = {SP/UQ)
of the residence time in the Navier-Stokes region
DTA/UQ t° ^ e r e a c n o n time Dj/^/S?, which is the
relevant Damkohler number for the analysis of attached flames.
An important kinetic parameter is the ratio U^/Sp
DN-1/2 of the fuel stream velocity to the planar flame velocity, Sp, of the stoichiometric mixture
formed with the unit mass of the fuel stream and a
mass S of the air stream. We anticipate that the flame
will be blown off if U^/Sp rises above a blowoff value
(UQ/S]_,\, of order unity, to be calculated; due to thermal expansion effects this value is moderately large
compared with unity. Although the results presented
here will be restricted to the case UA/UQ = 1, we can
anticipate that the blowoff value of Uo/Sp will be of
order S for small values of UA/UQ.
The analysis begins in Section 2 with the description of the steady flame front in the attached flame
regime. The (quasi-steady) numerical description of
the flame-front region in the lifted flame regime is
given in Section 3. The numerical results are discussed in Section 4. Finally, the concluding remarks
are presented in Section 5.

2. The attached flame regime
In this section we describe the steady flame-front
structure when the front is located close to the porous
wall, at a distance xl of the order of the Navier-Stokes
length, Z>j. The conservation equations are written in
nondimensional form using the Navier-Stokes length
ZN = DJP^/UQ as characteristic length scale to define the dimensionless streamwise and transverse coordinates, x = X'/ZN a n d y = y'/ZN, and using the
injection velocity of the fuel stream UQ as scale to define the corresponding dimensionless velocity components, u = U'/UQ and v = v'/UQ, respectively. In addition, the density p' is measured with the density PA
of the air stream, the temperature T' is measured with
the initial temperature 7Q of the feeding streams, and

the pressure differences from the hydrostatic far-field
value are scaled with the dynamic pressure ppJJn.
Hereafter, dimensional variables will be denoted by
a prime.
2.1. Conservation equations
The nondimensional conservation equations of
mass, momentum, species, and energy can be written as follows:
V • (pv) = 0,

(1)

V • (pvv) = - Vp + PrV • x,

(2)

1

V-(pvYa)=Le- V-(pDTVYa)
+ D^coa

(a^N2),

(3)

V • (pvh):
a^N2

xLe-lpDTVYa

(4)

where v = (w, v) is the velocity vector, x is the dimensionless viscous stress tensor, and the subscript
a denotes chemical species. The unsteady terms have
been dropped since we are only interested in steady
solutions; these terms should be retained if, for instance, we were interested in the development of edge
flame oscillations, as occurs when the volumetric heat
loss is sufficiently strong [36]. The above equations
must be supplemented with the equation of state
pT = M/MA,

(5)

where MA is the mean molecular mass in the air
stream and M = (^2a Ya/Ma)
is the mean molecular mass of the mixture, and the relation derived from
mass conservation

*N2 = 1 " J2 Y«'

^

which provides the mass fraction of the inert species.
Since the typical Mach number is in most applications small compared with unity, we have neglected
the pressure variations in the equation of state and
the kinetic energy and viscous dissipation in the energy equation. The nondimensional reaction term
{hi/U0)0)^1 px n a s been written in the form D^a>a
in terms of the relevant Damkohler number in the attached flame regime, £>N = (SL/UO) , by measuring
the overall reaction rate a>alPA "with its characteristic value 1/fL = 5L/<5L = S?/DJA,

to obtain a

nondimensional reaction rate cop, of order unity in
the premixed flame layers, which is a function of the
temperature and the reactants mass fractions. This is
given below in Eq. (13) for an overall Arrhenius reaction.

2.2. Boundary

conditions

using the NASA polynomial formulae, with the coefficients a; taken from the GRI-Mech database [38].

Equations (l)-(5) must be solved, for a ^ N2,
with the following boundary conditions:
x = 0,

y>0:

u-l=v

= T

-1=0,

p[Ya\0+-Ya^]-Le-1pDT(dYa/dx)=0,
x = 0,

(7)

y<0:

u-UA/U0

= v= T -1=0,

x > 0,

x >0,

= 0,

(8)

y -> + 0 0 :
1,

1,

•0,

Yav,

(9)

J-

u^UA/U0,

v^O,

1,

(10)
Far downstream of the injection wall, as x -> 00,
the solution will evolve to a flow that involves slow
variations with x, associated with transversal diffusion effects, which could be described using approximations of the boundary-layer type. But instead of using this asymptotic solution as downstream boundary
condition, when solving the system of Eqs. ( l ) - ( 4 ) , a
weak form of the boundary conditions, such as
du _ dYa _ dT
dx
dx
dx

Chemistry

model

To complete the problem formulation, one needs
to provide an expression for the fuel consumption
rate. Here, we shall consider an overall irreversible
reaction where the fuel reacts with the oxygen to produce combustion products and heat according to
C H 4 +2G-2 -> 2 H 2 Q + CO-2 + (Q),

p(UA/U0)[Ya\0+-Y^A]
-Le-1pDT(dYa/dx)

2.3.

where q = Q/MQ^ represents the amount of heat released per unit mass of fuel consumed, written here in
terms of the molar heat of reaction, Q, and the molecular mass of methane, MQY^- In this simple case,
Eq. (3) must be solved for a = O2, CH4, H2O, and
CO2, while the mass fraction of the inert species, N2,
can be obtained from overall mass conservation using
Eq. (6).
It is further assumed that the local rate at which reaction (12) takes place depends on the mass fractions
of fuel (methane) and oxygen, FCH4 a n c ' ^02 > a n d o n
the absolute temperature T' through an Arrhenius law
of the form
16

as x —¥• 0 0 ,

(11)

will be employed for simplicity.
In the above equations we use Fick's law to evaluate the (molecular) mass flux of species a, the
heat flux vector is written in terms of the generalized Fourier law, and the transport coefficients are
nondimensionalized with their corresponding values in the air stream. In particular, the multicomponent transport properties for methane-air mixtures will be evaluated using the model proposed
by Smooke and Giovangigli [37], where the Prandtl
number, Pr = fj/cL/k',
and the Lewis numbers,
Lea = k'I\p'c'D'a),
are assumed to be constant:
Pr = 0.75, Leo2 = 1.11, LeCu4 = 0.97, L e H 2 o =
0.83, Le(x>2 = 1-39, and the dependence of the thermal conductivity on the temperature is approximated
by a power law of the form /x = pDj = k/cp = Ta
with a = 0.7.
In addition, both the specific heat at constant pressure and the enthalpy of the mixture, c p = 5~Ja Yacpa
and h = ^2aYaha,
nondimensionalized here using
c
pA (the specific heat at constant pressure in the air
stream) and C„^TQ, respectively, are calculated in
terms of the dimensionless specific heats, cpa, and enthalpies, ha, of species a; these, in turn, are evaluated

16

°ciu •

36

Slp2B
DjApA

= 0

(12)

«H20:

16
"44 «co2

Ycu4Yo2exp(-E/RT')

(13)

involving a frequency factor B, an activation energy E, and the universal gas constant R = 8.314 J/
(molK). As discussed above, we have measured here
the dimensional reaction rates a>'a with the scale
•Sr/(Z>TAPA) to obtain the above dimensionless expressions.
Modifications to Eq. (13) are in general needed
for an accurate description of this dependence, including for instance reaction orders different from
unity for both fuel and oxidizer (Westbrook and
Dryer [39]). However, we have chosen in the calculations presented below the approach, recently adopted
by Garrido-Lopez and Sarkar [40], of considering a
variable activation energy selected as a function of
the local equivalence ratio
4> =

(14)

sYCYiA,ulYo^u

to mimic the dependence on <f> of the planar flame velocity. Here, the local equivalence ratio is defined in
terms of the mass fractions of methane and oxygen in
the upstream fresh mixture, given, in first approximation, by
icH4,»=ziCH4,F

and

Y

02,u

:(1-Z)F02,A,
(15)
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Fig. 2. (a) Propagation velocity of planar methane- and propane-airflamesfor different values of the equivalence ratio and
different dilutions of the fuel stream employed to generate the mixture (see legend for details), (b) Propagation velocity of planar
undiluted methane- and propane-airflamesnormalized with the corresponding stoichiometricflamevelocity, SL,CH4 — 0-4 m/s
and SL,C 3 // 8 — 0-445 m/s. (c) Propagation velocity of a planar stoichiometric methane-airflameas a function of the dilution,
*CH4,F> of the fuel stream employed to generate the mixture.
where
Z = (S*CH4/*CH4,F " Yo2/Y02,A

+ 1)/(1 + S)
(16)
is a mixture-fraction-like variable, of unit concentration in the fuel stream and zero concentration in the
air stream, which can be calculated in terms of the local values of the reactants mass fractions 1CH 4 and
YQ2 . Strictly speaking, the above expressions relating
7CH4,M a n d YQ2 u with Z are based on an implicit
assumption of equal Lewis numbers for fuel and oxidizer, since then Z is a conserved scalar whose value
does not vary across the flame. Note that the Lewis
numbers of fuel and oxidizer in methane-air mixtures
are very close to each other, so that this is a good approximation.
In particular, we shall use here the following expression for the dependence of the overall activation
energy on the equivalence ratio:
E(6)

2
I L1 ~r+ ^2u(-0' . 7~ -^02 )
1*
1 + 1I ..H4-7/ Z2, ^( 0—- li)) 2
[ i t

1

E0

for

* ^ °' 7 '
forO.7<0<l.O,
for 1.0 < 0 ,
I U I i . u ^ <JJ,

(17)
where EQ = 1.25 x 105 J/(molK) is an appropriate
(sufficiently high) activation energy of the overall reaction for a stoichiometric mixture. For this value of
EQ we selected the frequency factor B appearing in
the Arrhenius law (13) so as to reproduce the experimental value of SL for undiluted methane-air mixtures, yielding 5 = 4 x 10 cm /(mols).
Fig. 2 shows numerical calculations of laminar
flame velocities for undiluted methane- and propane-

air mixtures, as well as diluted methane-air mixtures,
as a function of the equivalence ratio 0, along with the
experimental values given by Egolfopoulos et al. [41]
(see also Law [42]). For methane-air mixtures, the
figure also shows the value obtained with the above
law E((p) of the planar flame velocity SL of the stoichiometric mixture formed with the unit mass of
the fuel stream (methane diluted with nitrogen, with
methane mass fraction 1CH 4 ,F) a n d a mass S of the
air stream, together with the experimental values reported by Egolfopoulos and Law [43]. As can be seen,
using an overall Arrhenius reaction together with the
law (17) we are able to reproduce with small errors the
experimental dependence of the planar-flame propagation velocity with the equivalence ratio within flammability limits, as well as the variation of SL with
the dilution of the fuel stream. Another advantage
of this approach, also noted by Garrido-Lopez and
Sarkar [40], is that it does not add stiffness to the
chemical term, as is known to occur with other simplified schemes [39].
We should note that the influence of the kinetics
on the flame-front structure is far more complex than
suggested by the above discussion, specially in the
attached flame regime. In this regime, the diffusion
flame is close to extinction conditions and the structure of the flame front differs substantially from that
of a premixed flame. Accordingly, in addition to accurately predicting the dependence of SL with <P a n d
7CH 4 ,F ? w e have also tested the ability of the chemistry model to predict diffusion-flame extinction. This
shows a degree of uncertainty slightly larger than that

of the detailed chemistry calculations found in the literature (even though the adjustable parameters of our
model were not chosen so as to mimic also extinction
conditions). In particular, in the potential flow configuration our model predicts a critical strain rate at
extinction of 756 s , between 40 and 50% above the
509-544 s _ 1 range suggested by Chelliah et al. [44].
Similar uncertainties can be found in detailed calculations [45,46], which yield extinction values as high as
40% larger than the experimentally observed values
[44,47^19]. In the plug flow configuration the available experimental data give critical strain rates at extinction of the order of 380 s [44,49], while recent
detailed chemistry calculations [50] provide numerical values between 470 and 560 s , depending also
on the molecular transport model employed in the
computations.
With respect to the performance of the model at
ignition, it should be emphasized that at low (i.e.,
ambient) temperatures the ignition delay time is too
large compared to the characteristic residence time
for spontaneous ignition to take place, and therefore
spontaneous flame ignition is not expected to play an
important role in the structure and dynamics of attached/lifted flames. As a result, the performance of
the chemistry model at ignition is not critical here.
By contrast, the triple flame encountered in unsteady
or parallel mixing layers, described by Linan and Crespo [51], when initiated at high enough initial temperatures by the heat release due to the reaction (as
typically occurs in supersonic combustion) is not associated with the upstream heat conduction of ordinary edge flames.
In short, despite the complex underlying physicalchemical aspects of the problem, our aim here is to
provide a general understanding of the quasi-steady
structure of attached and lifted laminar flame fronts,
and to identify orders of magnitude and controlling
parameters. Thus, a simple one-step chemistry model
is preferred for illustrative purposes. Although this
simple chemistry model is not expected to quantitatively describe the detailed internal flame structure in
the attached flame regime, the results presented below are of great interest for the calculation of liftoff
heights in lifted nonpremixed flames, as well as for
examining the flow field in the flame-front region and
assessing the transition of a triple flame into an edge
flame as the flame front approaches the injection wall.

velocity f/f = dxr/dt relative to the injector. We can
expect f/f to be of order SL when the flow velocity is
also of order SL. If the flame lies at the liftoff distance
Xr = x',, then f/f = 0. If at a given station f/f turns out
to be negative, the front will propagate upstream relative to the injector; if positive, the front will propagate
downstream.
As will become clear in Section 4 below, for sufficiently small values of the Damkohler number £>N =
(SL/UQ)
the diffusion flame edge is located at a
distance Xr ^> ZN downstream from the porous wall.
Clearly, as xUl^ grows the numerical description
of the flame-front region becomes increasingly difficult, since the computational domain, which in the
attached flame regime includes the injection wall as
upstream boundary, must be extended further and further downstream if we want to resolve the flame-front
region. This suggests that an alternative formulation is
needed for the description of the flow when the flame
front is located far away from the injector.
In the so-called lifted flame regime, upstream
of the flame front a mixing layer develops where
the chemical reaction can be considered frozen. At
distances x' ^> ZN from the porous wall this mixing layer is slender, and it can be described using
the boundary-layer approximation. Indeed, a selfsimilar description is available for the frozen mixing
layer, with the velocity u(r]) and mixture composition Ya(r]) given in terms of the similarity variable r] = y' / (DjAxr / UQ) I . Introducing the similarity stream function F{rf), defined from i/r =
pAU0(DjAx'/f/0)1/2F,
reduces the problem (l)-(3)
to that of integrating
dF
— =pu,
dr]

(18)

1 du
d u
F— = Pr—=1 ,
2 dr]
dr}
-

1 dYa
, d2Ya
F-^ = Le-1—-?- 1
2 dr]
dr)

(19)
(a = 0 2 , CH 4 )

(20)

together with the equation of state (5) and with Y^2 =
1 — YQ2 — FCH 4 • The boundary conditions are
i] -> +oo:
u - 1 = F - (PF/PA)(>7 - rw)
= YCH4-YCH4,F

= YO2=0,

(21)

i] -> —oo:
" " (UA/U0) = F- (UA/U0)(r, - riA)
3. The lifted flame regime
Our aim in this section is to describe the structure
and dynamics of the upstream part of the flame front,
of size of order <5m, that when located at a station
i d ^> xr(t) ^ 'N wiH propagate downstream with a

= icH 4 = i b 2 - i b 2 , A = 0,

(22)

where the constants rf-p and rjA are to be calculated as
part of the solution. Note that in the chemically frozen
mixing layer upstream from the flame front YQO2 =
YU2o = T-T0 = 0.

It should be noted that Eqs. (19)-(22) remain invariant under translations in r\. Accordingly, the transverse velocity v = - p " 1 [(£/(,*'/'DJA)~ 1/2 /2](F rjdF/drj) will not be uniquely determined unless we
specify an additional condition to fix the origin of rj.
This condition emerges from the fact that, for large
Reynolds numbers, the pressure must be continuous
across the mixing layer in first approximation. The
perturbation flow induced in the air and fuel streams
by the transverse displacement velocities generated
by the mixing process is irrotational. This flow gives
a nonzero slip velocity at both sides of the mixing
layer, thereby inducing a pressure perturbation which
can be easily calculated using the Bernoulli equation.
Linearizing the Bernoulli equation, the condition of
equality of pressures at both sides of the interface can
be written as PA^A = -PF1F> which is the desired
condition that fixes the origin of r\. We have found numerically that, in the particular case U^/UQ = 1, the
constants T;F and rjj± can be set equal to zero with an
appropriate choice of the origin of r\, implying that
the displacement velocities are also zero. However,
this will not be the case in a more general situation
where U^/UQ < 1.
At the flame location, x' = xL the chemically
frozen mixing layer has a thickness <5m = (£>TAxf/
UQ) I , so that the velocity and mixture composition
are given by
••Ya(y'/Sm),

ii =

u(y'/Sm).

(23)

These distributions are to be used as boundary conditions when integrating Eqs. (24)-(27) for the flamefront region, written below in terms of the coordinates
y'/Sm and (x' -x'f)/Sm.
In order to describe the flow in the flame-front region we shall use a reference frame moving with the
front. Because the fluid transient time, <5m / C/Q , across
this region is small compared with the time XI/UQ
required to see changes in the upstream conditions
encountered by the front, we can consider the flow
structure as quasi-steady relative to this reference system.
The conservation equations, written in nondimensional form using <5m as scale for the streamwise
and transverse coordinates, x = (x' — X'r)/Sm a n d
f = y'/Sm, ^L for the two velocity components, U =
U'/SL and V = v'/SL, and PA^L ^ or * ne P r e s s u r e differences from the hydrostatic far-field value, take the
form
(24)

V • (pV) = 0,
l,2

V • ( p W ) = • -Vp + Dm PrV
V • (p\Ya)

1/2

l

= Dm Le- V+ Dm <oa

• x,

(25)

(pDTVYa)
(«#N2),

(26)

V • (pWh) = Dm1/2V

•
a^N2
xLe-lpDTVYa

(27)

supplemented by the equation of state (5) and Eq. (6).
Here we consider the same transport properties and
thermochemical model used in the attached flame
regime, and both the gradient operator V(-) and the
nondimensional viscous stress tensor r now involve
derivatives with respect to x a n d K • Upstream from
the flame-front region, the flow is given by the selfsimilar description of the frozen mixing layer, which
provides us with the upstream boundary conditions

U = -Uf/SL

+ (UO/SLMO-

(28)

In these conditions, derived from Eq. (23), the ratio UQ/S]_, appears together with the front propagation
velocity f/f/^L, which is to be calculated. If we want
to account for the perturbation in the upstream-flow
velocities that results from the effect of the thermal
expansion in the flame-front region, we should modify the upstream velocity profile w(f) appearing in
Eq. (28) to include the flow perturbation associated
with a linear volumetric source of strength bSmSi^,
placed at x' = xl and y = 0, with b, of order unity, to
be calculated as part of the solution. However, these
velocity perturbations decay like x , a n d their effects in the upstream velocity profile can be minimized by extending the computational domain sufficiently far upstream from the flame-front region, as
done in the present work (instead of modifying the
upstream velocity profile). Similarly, the effect of the
thermal expansion in the trailing diffusion flame generates a flow perturbation, corresponding to a distribution of linear volumetric sources, that decays as
X
• In the numerical calculations, the perturbations induced by the sources located inside the computational domain are automatically accounted, while
the effects of the sources laying downstream of the
computational domain will be neglected. Note that the
displacement velocities induced by the trailing diffusion flame, of order Djj^/Sm, become negligible
compared to the displacement velocities introduced
by the curved premixed flames, of order SL, a s the
Damkohler Dm = (<5m/<5L) grows to large values. As
a final remark, it should be kept in mind that when
the velocities of the two feeding streams are equal the
displacement velocities in the upstream frozen mixing
layer are identically zero, and therefore we can consistently set the upstream-flow transversal velocities
equal to zero.
As previously discussed, downstream, as x —>• °°,
the solution will evolve to a flow that involves slow

variations with x, associated with transverse diffusion
effects, which can be described using approximations
of the boundary-layer type. But instead of using the
asymptotic solution as the downstream boundary condition, when solving the system of Eqs. (24)-(27), a
weak form of the boundary conditions, such as

dependent on Dm when sufficiently large values are
considered. Correspondingly, at a given transverse location the flame propagates with respect to the local
incoming flow with a velocity equal to that of a planar flame, which is a function of the local equivalence
ratio <f> = SYCH4U/YQ2U
encountered by the flame,
with FCH4,H and YQIU

can be employed for simplicity. In addition, we use
the following lateral boundary conditions:
t, - ^ + 0 0 :

Ya-Yaj

= T-T0 = U- (U0/SL) = 0,

(30)

t, - > - 0 0 :

Ya-YaiA = T-T0
= U-(UA/U0)(U0/SL)

= 0.

(31)

To complete the boundary conditions, we must add
a condition linking the origin of the coordinate system to the flame-front. Note that in the formulation
for the lifted flame regime the flame-front distance
Xf and the Damkohler number D^ appearing in the
attached flame regime are replaced by the more relevant Damkohler number Dm = (Sm/S]_,) 3* 1> while
UQ/S]_, and UA/UQ

defined in terms of FCH 4

an

d

YQ2 by Eqs. (15) and (16). As previously discussed,
this variation of the planar-flame velocity with <f> enters as the essential ingredient of the influence of the
kinetics on the flame-front structure.
As suggested by Eqs. (25)-(27), the ratio Sm/S\^ =
1/2
Z)m represents an alternative Damkohler number
based on the residence time across the flame-front
region, <5m/£/o, and the chemical time, S^/UQ. However, we have chosen here to formulate the problem using the classical Damkohler number Dm =
(Sm/S'L) ~ l/(XsfL)» defined in terms of the local
value of the scalar dissipation rate at the stoichiometric surface, Xs = DjA\VZ\$—inverse of the characteristic diffusion time, S^/DjA—and the characteristic chemical time, t]_, = ^/DjA.
Remember that
in this context the Damkohler number Dm can be
viewed as the square of the Reynolds number of the
flow in the flame-front region.

appear as additional parameters.

We must stress here that the above formulation for
the lifted flame regime is dependent on the separation in domains of the flow field, which is justified for
large values of the ratio, xi/Sm = (X'MQ/DJA) ' , of
the scales xL of the nonreacting region of the mixing layer, and <5m, of the flame-front region. The ratio
1/2

Sm/Sh = An appearing in Eqs. (25)-(27), of the order of the Reynolds number Re = S\^Sm/vA, is a large
number. As a result, the viscous and diffusion terms,
as well as the reaction term, are nonnegligible only in
a thin reaction layer, the curved premixed flame with
its rich and lean branches, of thickness <?L, small compared with <5m. The flow in the flame front region outside this thin flame is inviscid; and for this reason the
upstream boundary conditions given in Eq. (28) are
meaningful. Then, aside from jumps across the premixed flames, the temperature and the mass fractions
remain constant along the streamlines, which are nonparallel due to the thermal expansion effects. In the
limit Dm ^> 1, one could in principle solve the flow
in the flame-front region by considering the flame
as a curved reaction sheet embedded in the inviscid
flow region, but as previously discussed the numerical solution of the resulting free boundary problem
is anticipated to be difficult. The alternative approach
proposed here, and used by Ruetsch et al. [30], involves the integration of Eqs. (24)-(27) for large values of Dm. As shown below, the results, and in particular the value for the front velocity Uf/S]_,, are weakly

4. Results and discussion
In this section we discuss the numerical results obtained from the integration of the equations in the attached and lifted flame regimes. As previously stated,
the results reported in this paper correspond to the
case where the velocities of the fuel and oxidizer
stream are equal, UA/UQ = 1, for which a uniform
velocity profile u' = UQ is found on the injection wall
(attached flame regime) or upstream from the flamefront region (lifted flame regime). Remember that the
effects of thermal expansion in the upstream boundary can be minimized when calculating lifted flames
by extending the computational domain sufficiently
far upstream from the flame-front region.
In the attached flame regime, one specifies the
Damkohler number Z>N = (^L/A)) 2 a n d obtains the
dimensionless position xl/l^ of the steady flame
front by integrating the problem (l)-(ll) together
with Eqs. (13)—(17). Then, the position of the flame
front x'f is defined as the distance to the wall of the
point of intersection of the stoichiometric isosurface
Z = Zs = 1/(1 + S) and the temperature isosurface
T = 1200 K, which is close to the point of maximum
heat release for all the fuel dilutions considered.
In the lifted flame regime, on the other hand, one
specifies the Damkohler number
An = (<W<5L)2 = DTAxf/U0sl

= (*^//N) AN (32)

and integrates the problem (25)-(31) together with
Eqs. (13)—(17), which yields the propagation velocity
of the flame front with respect to the injector, Uf/S]_,,
as an eigenvalue.
As discussed in the Introduction, the results will
be given mainly for methane, although they are expected to be similar for other fuels (as will be shown
for propane in Section 4.5).
4.1. Numerical method
The conservation equations are discretized using
second-order centered finite differences, and the resulting set of algebraic equations are solved using
false time-step relaxation for each of the dependent
variables. The convergence of the iterative procedure
is truncated once the normalized residuals are below

io- 5 .
The computational domain is discretized using a
Cartesian-structured grid. In the attached flame calculations, the grid extends from the injection wall to
X/ZN = 300 in the streamwise direction, and from
y/l^ = —300 to y/l~N = 200 in the transverse direction. The grid spacing is uniform in the region 0 <
X
/ ' N ^ 180, —60 < J/ZN ^ 0, where the front lies
in all the cases under consideration, and is smoothly
stretched outside this region. In the lifted flame calculations, the size of the computational domain was
selected to account for the slowly decaying perturbations induced by the thermal expansion at the flame
front, covering in the most restrictive case (i.e., for the
higher values of the Damkohler number Dm) the region -3.46 < x/Sm < 3.46, -17.30 < y/Sm < 34.6.
The errors associated with the finite size of the domain are estimated to be less than 2%. Uniform
grid spacing is used in either direction in the hightemperature zone, where the gradients of all variables
are higher. In the most restrictive case this uniformly
spaced region covers —0.1 < x/Sm < 0.1, —1.1 <
y/Sm ^ 1 - 1 , and as we move away from this region
the grid node density decreases smoothly. In the lifted
flame regime, the eigenvalue f/f/^L is obtained with
the same algorithm used in [52]. In all cases, the total
number of grid points is close to 42,000, from which
about 26,000 were located in the high temperature
zone. Moreover, the structure of the curved premixed
flame was solved using at least 10 points in either direction.
Extensive grid refinement studies were conducted
to assess the accuracy of the results presented here.
In particular, the numerical (roundoff and truncation)
error present in the eigenvalue Uf/S^ was found to be
much smaller than the error associated with the finite
size of the computational domain noted above.

4.2. Flame-front structure
Figs. 3 and 4 show the flame-front structure obtained for undiluted fuel feed, FcFLbF = 1> a n d different values of the Damkohler number for U^/UQ = 1.
The results of Fig. 3 correspond to the attached flame
regime, while those of Fig. 4 correspond to the lifted
flame regime. The selected range of Damkohler numbers illustrates the evolution of the flame front from
an edge flame for sufficiently small (large) values
of Dm (£>N) to a thin premixed front with a negligibly weak trailing diffusion flame for Dm -> oo
(£>N -> 0). Fig. 3c' was generated replotting Fig. 3c
using for illustrative purposes the characteristic length
scale <5m = Z N ^ / Z N )
of the lifted flame regime.
Comparing Fig. 3c' with Fig. 4d reveals that both
analysis, i.e., the attached and the lifted flame formulations, yield the same results in the overlap domain for intermediate values of the Damkohler number. All the plots in Figs. 3 and 4 have been labeled
with the values of both Damkohler numbers, Dm and
£>N, which are related by Eq. (32). Finally, it should
be noted that in Fig. 4 the origin of the transversal
coordinate has been displaced so as to locate the stoichiometric surface close to y' = 0 in the upstream
boundary of the computational domain.
For fi ^> 1, the transition from edge flames to
triple flames should occur when the more relevant
Damkohler number [Sm/(JSS]^)] , based on the effective size <5m//3 of the flame-front region, increases above 1. Note that <5m/(/3<5L) is also the
ratio of the burning rate per unit flame surface in
the premixed and in the diffusion flames, so that
for large values of the Damkohler number the contribution of the burning rate in the diffusion flame
ceases to be visible. For pure methane-air flames,
^CH4,F = 1; the dimensionless stoichiometric temperature increase is y = (Ts — TQ)/TQ = 6.7, and
the resulting Zeldovich number based on EQ, fi =
EQ(TS — TQ)/(RT^) = 5.7, is moderately large. Then,
the transition from edge flames to triple flames is expected to occur around Dm = (<5m/<5L) ~ P — 32.5,
corresponding approximately to the case shown in
Fig. 3c.
It should be noted that the direction of the trailing diffusion flame does not necessarily coincide with
the incoming flow direction when, for small values
of £>m, the flame is anchored close to the injection
wall. However, as the Damkohler number grows the
flame becomes more and more aligned with the flow,
until for sufficiently large values of Dm the trailing diffusion flame becomes almost parallel to the
x axis.
As demonstrated by recent studies, chemistry may
play a key role in the description of the flamefront structure of attached flames in axisymmetric
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Fig. 3. Flame-front structure in the attached flame regime for undiluted fuel (FCH 4 ,F = 1) a n d different values of the Damkohler number. The plots correspond to points labeled 3a-3c in Figs. 5 and 6. Thick solid lines: reaction rate contours for
^2&>CH4 = G#2/An)(&>cH IN)/(UOPA) — 0.1, 0.3, and 1 with /3 = 5.7. Thin solid lines: temperature contours from 500 to
2000 K at intervals AT = 500 K. Dashed lines: streamlines at intervals (a)-(c) A ^ = 20PA^0^N a n d (cr) A ^ = 0.25pA^0^mDotted lines: oxygen mass fraction YQ from 0.22 to 0.02 at intervals AYQ = 0.04.

methane-air jets. For example, the flame-front structure predicted using a classical one-step global chemistry model (with constant activation energy) shows
a robust rich premixed wing [53] that is absent both
in the detailed chemistry calculations [53,54] and in
experimental visualizations [21,55]. The missing rich
wing seems to be folded into the diffusion flame due
to a combination of configuration-dependent flow perturbations [56] and subtle chemistry effects [53,54].
Our calculations show that both wings coexist in
the attached flames. This may be due to the different flow configuration or to the simplified kinetics
considered, a point that should be clarified in future
work.

4.3.

The liftoff distance

The steady flame-front position, or liftoff distance, x'p measured for convenience with the laminar flame thickness, <$L, is plotted in Fig. 5 as a
— 1/2
function of the velocity ratio UQ/SL = £>N
. Note
that, unlike / N , the laminar flame thickness is independent of the injection velocity and takes a constant value for each fuel. To emphasize the effects
of thermal expansion the results obtained using the
thermodiffusive approximation, where modification
of the flow field by heat release is ignored, are also
shown. The plot is completed with the results of
the lifted flame regime, which have been presented

(a) Dm= 44.6, DN = 0.26

(b) Dm = 137, DN = 0.153

Fig. 4. Flame-front structure in the lifted flame regime for undiluted fuel (FCH4,F — 1) an d different values of the Damkohler number. The plots correspond to points labeled 4a-4d in Figs. 5 and 6. Thick solid lines: reaction rate contours for
^2&>CH4 — (^2/An)(&>cH ^N)/(^0PA) — 0.1, 0.3, and 1 with ft = 5.7. Thin solid lines: temperature contours from 500 to
2000 K at intervals AT = 500 K. Dashed lines: streamlines at intervals A^ = 0.25PA^0<W Dotted lines: oxygen mass fraction
YQ2 from 0.22 to 0.02 at intervals AFQ 2 — 0.04. Note the different scale of the axis of thefirstplot.
in terms of D^ = Dm/(x^/1^)
poses.

for illustrative pur-

4.4. Propagation velocity of theflamefront relative
to the upstream flow
When the velocities of the fuel and air streams
are equal, U^/UQ = 1, as we are considering here,
the computations provide the front velocity relative
to the upstream flow U^ = —Uf + Uo as an eigenvalue. Thus, for a given transport model, the resulting nondimensional propagation velocity U'^/S^ is a
function of the exothermicity parameter y, the fuelto-air stoichiometric ratio S, the Damkohler number
Dm = (8m/8^)2, the Zeldovich number ft = EQ(TS —

TQ)/(RT^),

and the function E((/>)/EQ, characteriz-

ing the chemical kinetics.
The propagation velocity U^/S^ of the front with
respect to the upstream flow is shown in Fig. 6 as
a function of the local Damkohler number Dm =
(8m/8^)2 f° r different dilutions of the fuel stream
*CH4,F- As previously discussed, for sufficiently
large values of Dm the velocity becomes weakly dependent on Dm. In particular, the values of U^/S^
obtained for large (but finite) values of Dm can be
extrapolated to Dm -> oo, assuming the asymptotic
behavior

U{/SL =
for Dm » 1

(U{/SL)b(l-AD-1/2)
(33)
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determined by Daou and Lilian [28] in the context
of triple flame propagation in counterflow (strained)
mixing layers. This procedure provides a way to separate thermal expansion effects, given by the value
of (Uf/SiJb,
from finite rate effects, given by the
constant A. In particular, Fig. 7 shows the value of
(^f/SiJb? obtained by a least-squares fit, as a func-

( ^ / S L ) b = 1.34y 1 / 2 ,

(34)

where the dependence on y 1 / 2 comes from the scaling law suggested by Ruetsch et al. [30] for large values of Dm. The values of (£/f/SiJb predicted by (34)
are seen to fit the computed results to within a 1.2%
from YQH4 = 0.2 to 1.0, which corresponds to values of y ranging from 5.7 to 6.7, respectively. The
value of the constant A in (33) can also be determined
by a least-squares fit. Fig. 8 illustrates that when the
value A = 2.79 is substituted into Eq. (33), and use is
made of Eq. (34), the numerical results obtained for
a wide interval of fuel dilutions, ranging from pure
methane to l c H 4 , r — 0.2, nearly collapse in a single
curve for Dm > 10 2 . However, this correlation ceases
to be valid for stronger dilutions of the fuel stream.

As observed in Fig. 6, for undiluted fuel feed the
asymptotic value (UL/S]_,\ = 3.46 is approached as
Dm -> oo. This limiting value is associated with critical conditions for blowoff in planar mixing layers.
For large but finite values of Dm the front propagation velocity is smaller than this asymptotic value, of
the order of 35L, a result in agreement with previous
experimental observations (Mufiiz and Mungal [57]).
When the methane stream is diluted with nitrogen the
results depend on the air-to-fuel mass stoichiometric
ratio: S = 17.4 for pure methane, and S = 3.48 for
^CH4,F = 0-2- However, the effects of the dilution, for
values of FCH 4 ,F larger than 0.2, on the curve £///SL
versus Dm are weak, with the peak blowoff velocity
decreasing from 3.465L to 3.17 SL when FcH4,F decreases from 1 to 0.2. It should be noted, however,
that the dilution strongly affects the value of SL ( s e e
Fig. 2).
We can use Fig. 6 to calculate the liftoff distance
x'j for a given flow velocity UQ by equating UL/S]_, to
UQ/S]_,. Note that due to the growth of UL/S]_, with xL
the resulting position of the flame front is stable. For
UQ/SL smaller than the blowoff value (f/o/^L)b =
3.46 the flame will remain lifted. It should be pointed
out that the assumption of an overall Arrhenius reaction involving only four chemical species overpredicts the chemical equilibrium temperature by more
than 100 K. According to this, the blowoff velocities
predicted here are expected to be slightly larger than
those encountered in the experiments.
As a final remark, it should be pointed out that
the asymptotic value of UL/S]_, in jet-diffusion flames
will be larger than its asymptotic value (UL/S]_,\ for
the planar mixing layer, due to the interacting thermal
expansion effects of the different elements of the annular flame front when, for large liftoff heights—of
the order of the jet developing length, xl ~ Lj—the
thickness of the mixing layer is comparable to the jet
radius. In this case, the asymptotic value of UL/S]_,
should be determined using the general formulation
for lifted jet-diffusion flames recently proposed by the
authors [35].
4.5. Application to other fuels
To assess the applicability of the results to fuels
different from methane, we calculated the front propagation velocity (relative to the upstream flow) in a
pure propane-air mixing layer. Fig. 2b shows that
when the curves E/L(0) f° r methane and propane are
normalized with SL, they turn out to be almost indistinguishable in the lean side; however, propane shows
slightly larger velocities in the rich side and its equivalence ratio in the rich extinction limit is higher. Thus,
to mimic the dependence of £/L on tf> for propaneair mixtures it was necessary to modify the relation

E(<f>) by substituting the constant 1.472 by 0.8 in the
rich branch of Eq. (17), while EQ was kept constant
by choosing an appropriate value of the preexponential factor B so as to reproduce the experimental value
of 5L. The Lewis number of propane was set equal to
1.26, a first approximation suggested in [58], founded
on the assumption that the binary diffusion coefficient
of species a with respect to nitrogen is, according to
the kinetic theory of gases [59], approximately proportional to [(Ma + M N 2 )/(2M a M N 2 )] 1 / 2 .
Results for undiluted propane are shown in Figs. 7
and 8. As can be seen, when measured with SL the
blowoff velocity for propane is slightly smaller than
for methane, even though the curve U]_,/S]_, versus <f>
shows slightly larger propagation velocities in the rich
side as well as a richer extinction limit. Certainly,
the higher propagation velocities of the rich branch
of the triple flame is partly balanced by the effect of
the fuel Lewis number being greater than unity, which
is known to reduce the propagation velocity of triple
flames [28]. However, the main reason seems to be
the higher inertia, i.e., density, of the upstream fresh
mixture in the rich side of the mixing layer, which
curves the rich branch of the triple flame backward
(compared to the methane flame) and thus reduces the
deflection of the streamlines upstream of the front.
From the above discussion, we can anticipate that,
as long as the appropriate characteristic scales are
used, the results of our analysis will be applicable to
other fuels not strongly diluted, having values of y
close to that of methane or propane, and with large
values of S.

5. Conclusions
In this paper we have presented the formulation
required for the numerical description of the structure
and quasi-steady propagation of laminar flame fronts
in planar mixing layers between two parallel streams
of fuel and air emerging from porous walls. First, we
describe the steady flame-front structure when, for
x( ~ ZN, the flame front is attached close to the injection wall. Then we describe the quasi-steady flamefront region of lifted diffusion flames, exploiting the
disparity of scales appearing for moderately large values of the Damkohler number Dm = (Sm/S]_,) .
The formulation given incorporates realistic variations of density and transport coefficients with temperature and composition. In addition, a realistic
model for the fuel consumption rate, able to describe
the variation with the equivalence ratio of the propagation velocity of planar flames, was employed for
an accurate computation of flame-front velocities.
The limitations arising from the simplified chemistry
model considered here could be eliminated using a re-

duced or detailed chemical mechanism. However, in
this paper our purpose was rather to provide a general
understanding of the effects of the overall stoichiometric ratio S, the thermal expansion y, and chemical
kinetic rates on freely propagating (lifted) laminar
flame fronts, so that a simple chemistry model was
preferred.
The numerical results, obtained here for a uniform velocity profile, Up^ = UQ, of the attached and
the lifted flame regimes provide the liftoff distance
as well as the front propagation velocity (relative to
the upstream flow) in terms of the relevant Damkohler
numbers, £>N and Dm, which are related by Eq. (32).
As previously observed, the front propagation velocity is seen to grow well above the stoichiometric flame velocity S L , reaching values of the order
of three times larger than S L due to the well-known
mechanism of flow redirection ahead of the curved
flame front. As should be expected, the results of both
analyses coincide in the domain of overlap for intermediate values of Dm.

regime is not addressed in this paper and deserves further attention.
It should be noted that radiation has been ignored
in the present study. However, it certainly contributes
to the flame heat loss and to the heat flux from the
high-temperature front to the porous wall, and should
be included in any comprehensive detailed study.

It should be noted that in the formulation of the
problem we have chosen characteristic scales—such
as the planar stoichiometric flame velocity or the laminar flame thickness—that represent the chemical kinetics, because we think this will make the results
applicable to other fuels. As an example, we have presented results for undiluted propane that show only
small differences with respect to methane when these
characteristic scales are used.
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of UQ/SL is anticipated to be of order S. This relevant
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