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Abstract
The unsteady propagation of a planar, premixed flame front is investigated, in the diffusional-thermal limit,
for solids as well as for gaseous mixtures. The inner structure of the reaction zone is studied in detail for large
Zel’dovich numbers. Then, the problem of the unsteady propagation of the flame is formulated by replacing
the inner zone by a discontinuity surface with jump conditions across it provided by the inner structure.
Finally, the solution is obtained numerically accounting for the effect of these discontinuity surfaces in the
outer unsteady regions which are now free from the reaction terms.

Introduction
The first studies on the stability limits of steadily

propagating premixed flame fronts in the diffusional-
thermal approximation are due to Barenblatt ([1])
and Sivashinsky ([2], [3]). In his work on cellular
premixed flames ([2]), Sivashinsky considered a sin-
gle bimolecular irreversible step in a gaseous mixture,
following Arrhenius kinetics with unity orders of re-
action for both reactants; he showed that when the
Lewis number of the deficient component is larger
than unity, the steadily propagating flame becomes
unstable for sufficiently large Zel’dovich numbers, as-
suming in this case the form of a pulsating planar
front. The critical Zel’dovich number defining the
limit of stability is a monotonically decreasing func-
tion of the Lewis number, becoming infinite for unity
Lewis number and approaching to a well defined limit
value for a solid (Le → ∞), a limit later confirmed
by Sivashinsky himself in a work on the stability of
gasless planar flames in solids [3]. On crossing the
limit of stability, close to it, the propagation assumes
the form of harmonic oscillations with a well defined
time scale. But on moving deeper into the instability
region, these oscillations, although still periodic, soon
become complicated relaxational type pulsations ([4],
[5]), characterized by long periods with flame front
velocities lower than that corresponding to a steady
flame, bounded by very short stages with very large
flame front velocities.

Specific Objectives
We pursue here, along the same line, a step fur-

ther generalizing the previous work, accounting for
the effects, on the inner structure of the reaction lay-
ers, of the unsteady nature of the flame propagation.
It is shown that for the limit of large Zel’dovich num-
bers the flame maintains, even in the unsteady case,
the classical dual structure with a thin reactive layer
embedded in reaction-free unsteady regions. The in-
ner reactive layers, much thinner than the outer re-
gions and quasisteady in the first approximation, are
studied in detail following Liñán’s earlier analysis of
the premixed flame regime of diffusion flames [6]. The

problem of the unsteady propagation of the flame is
then formulated by replacing the inner zone by a dis-
continuity surface with jump conditions across it pro-
vided by the previous analysis of the reaction zone
structure. Thus the solution can be obtained by ac-
counting for the effect of these discontinuity surfaces
in the outer unsteady regions which are now free from
the reaction terms.

The problem still contains a large parameter, the
nondimensional activation energy, and that poses
considerable difficulties from the numerical point of
view, since the spatial structure of the solution in-
volves, simultaneously, both large and small spatial
scales. They, in addition, evolve with time during
each period, characterized by very short excursions
with large flame velocities, when the flame tempera-
ture grows above its adiabatic steady value, followed
by long, dormant, stages with flame temperature and
velocities significantly lower than the values corre-
sponding to the steady flame. The time and length
scales, strongly varying with time, are identified and
used to generate new rescaled independent variables
for the reformulation of the problem, which now takes
a form more amenable to be treated numerically.
However, the resulting problem is still time depen-
dent, although the temporal as well as the spatial
scales now vary much more smoothly along a period.
The numerical solutions, well resolved both in time
as well as spatially, uncover the dynamic behavior of
these unstable flames.

Results and Discussion
We first study the problem in the case of a solid

gasless flame, starting with the analysis of the re-
action layer inner structure. The results are incor-
porated to the formulation of the global dynamics,
resulting in a problem free from the reaction terms.
This reformulated problem is solved numerically and
some results presented. Next, the case of a gaseous
flame in the diffusional-thermal limit is analyzed fol-
lowing the same scheme.
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Solid gasless flames
The dimensionless temperature θ and fuel mass

fraction Y in a reactive solid in which chemical reac-
tions can be modeled by a one irreversible step with
Arrhenius kinetics are given, in a frame of reference
attached to the flame: ξ = x− xf (t), by:

−C(Y ) = C(θ)− θξξ = ∆Y eβ (θ−1)/(1+α (θ−1)) (1)

with the convective operator C(·) = ∂t+c∂ξ and with
θ = (T̃ − T̃u)/(T̃b− T̃u), Y = Ỹ /Ỹu, and the indepen-
dent variables, x = x̃/l̃L and t = t̃/t̃L, made nondi-
mensional with the characteristic length and time
from the stationary flame propagating with velocity
UL: lL = k/(ρcUL) and t̃L = l̃L/ŨL. T̃u and T̃b are,
respectively, the fresh and the burnt mixture temper-
atures. c is the flame speed, −dxf/dt, with xf (t) the
instantaneous position of the flame. The parameters
that enter are the exothermicity, α = (T̃b − T̃u)/T̃b,
and a Zel’dovich number, β = E(T̃b − T̃u)/(RT̃ 2

b ).
∆ = B t̃Le−E/(RT̃b) is the eigenvalue corresponding
to the stationary problem, easily seen to be ∆ =
β + O(1). The appropriate boundary conditions are
the initial fuel mass fraction and temperature of the
solid far upstream, θ = Y − 1 = 0 as ξ → −∞, and
the burnt conditions far downstream, θ − 1 = Y = 0
as ξ →∞.

Inner structure of the flame. For large activation
energies, the reaction zone is thin, of order β−1 in the
chosen scales, so that in the first approximation it can
be thought of as an infinitely thin sheet with a well
defined value of the temperature on it, namely θf , the
apparent flame temperature. Nevertheless, the flame
speed is determined by the quasisteady structure of
the reaction layer, where with temperature deviations
of order β−1 the fuel is consumed, so Y decays from
unity upstream to Yb, the unburnt fuel mass fraction
left past the flame. The flame structure is given, in
first approximation, by:

ϕµµ = Yµ = −κY eϕ (2)

in terms of the inner variables Λ2µ = β c ξ, ϕ =
β(θ−θf )/Λ2, with a reduced Damköhler number κ =
Λ2 eβ(θf−1)/(1+α(θf−1))/c2 where Λ = 1 + α(θf − 1).

The boundary conditions for (2) must ensure
matching with unsteady, reaction-free regions where
the flame is embedded, namely Y = 1 and ϕ → q−∞µ
far upstream as µ → −∞, and Y = Yb and ϕ →
q+∞µ far downstream as µ →∞. q±∞ = p±∞/c are
the scaled slopes of the outer temperature distribu-
tion at the flame, p±∞ = ∂θ/∂ξ|ξ=0± ; thus, the outer
temperature distribution is given by θ± = θf +p±∞ξ,
as ξ → 0±, the minus and plus signs referring, respec-
tively, to the upstream and downstream sides of the
flame.

In the steady case, the outer upstream slope at
the flame, q−∞, is unity in these scales, whereas the
downstream one, q+∞, vanishes since the flame is adi-
abatic. On the contrary, in the unsteady case, q−∞

is always positive because the flame is preheating the
unburnt mixture, but oscillates around unity, whereas
the downstream slope q+∞ can be either positive or
negative; in this latter case, when the temperature
decays towards the products side, reactions become
frozen so there can remain a finite amount, Yb, of
unreacted fuel.

Solution. The first equation in (2) gives the first
integral ∂ϕ/∂µ = q−∞ + Y − 1. On the other hand,
using this first integral in the second of (2) leads
to κϕY = −(q−∞ + Y − 1)Y −1 e−ϕ, to be inte-
grated with Y = 1 as ϕ → −∞. The solution is
−κ eϕ = (q−∞ − 1)LnY + Y − 1. It follows from it
that Y must vanish downstream of the flame when-
ever q+∞ > 0, since in this case the reaction rate,
eϕ, grows unboundedly. On the contrary, for nega-
tive values of q+∞, the reaction rate vanish down-
stream and so a finite Yb of the fuel mass fraction,
with 1 ≤ Yb ≤ 0, may remain unburnt past the flame,
obtained from

(q−∞ − 1)LnYb + Yb − 1 = 0 (3)

The relation between the the two slopes at the flame,
q±∞, can be obtained imposing the boundary condi-
tions in the first integral above, resulting in:

q+∞ = q−∞ − 1 + Yb (4)
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Fig. 1. The unburnt fuel, Yb, and the reduced Damköh-
ler number, κ, as functions of q−∞.

The problem for the first order of approximation
to the inner structure of the flame has therefore been
reduced to:

Y −1Yµ = (q−∞ − 1)LnY + Y − 1 = −κ eϕ (5)

with boundary conditions far upstream, Y →
1, ϕ → q−∞µ as µ → −∞, Y → 0, ϕ →
(q−∞−1) µ far downstream as µ →∞ when q−∞ > 1,
or Y → Yb(q−∞), ϕ → (q−∞ − 1 + Yb) µ when
q−∞ ≤ 1.

The unburnt fuel Yb, when q−∞ ≤ 1, is given by
the solution of equation (3), whereas the jump in the
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slopes across the flame is:

q+∞ = q−∞ − 1 for q−∞ > 1
q+∞ = q−∞ − 1 + Yb for q−∞ < 1

Damköhler number. In spite of the temperature
distribution being given by an algebraic equation (5),
it is necessary to retain the boundary conditions as-
sociated with it in order to calculate the Damköhler
number, κ, which can be obtained as follows. Indeed,
the asymptotic behavior of the solution can be eas-
ily seen to be: Y − 1 ≈ −Aeq−∞µ as A(q−∞, Yo),
B>(q−∞, Yo) and B<(q−∞, Yo) are constants of inte-
gration obtained when the problem is integrated with
the initial condition Y (0) = Yo. In addition, since
problem (5) is translationally invariant, the constants
of integration obtained when using a new translated
independent variable µ = µ′ + λ must transform ac-
cording to: A′ = Aeq−∞λ, B′

> = B> e(q−∞−1)λ, and
B′

< = B< e(q−∞−1+Yb)λ, with A′, B′
> and B′

< the con-
stants corresponding to the solution in the variable
µ′. Finally, the Damköhler number κ can be obtained
from equation (5) using the asymptotic behavior just
obtained, resulting in κ = q−∞Aeq−∞λ, as µ → −∞,
κ = (q−∞−1)B> e(q−∞−1)λ as µ → −∞ when q−∞ >
1, and finally, κ = (1−q−∞−Yb)/Yb B< e(q−∞−1+Yb)λ,
as µ → −∞ when q−∞ < 1. Obviously, κ,
must be the same whether evaluated at the up-
stream or the downstream boundary, so eliminating
the translation parameter λ gives: κ =

(
(q−∞ −

1)B>

)q−∞(
q−∞A

)(1−q−∞) when q−∞ > 1, and κ ={(
QB<

)q−∞(q−∞A)Q
}1/(1−Yb) when q−∞ < 1, with

Q = (1− q−∞ − Yb).
Thus, integrating (5) for any initial condition,

Y (µo) = Yo, with 1 < Yo < Yb, the constants A,
B ≶ from the asymptotic behavior result as part
of the solution, allowing therefore to determine the
Damköhler number κ(q−∞). Fig. 1 shows the result-
ing κ(q−∞).

The reduced Damköhler number, κ(q−∞), deter-
mines the velocity of propagation of the flame as

c = κ−1/2Λ e
(β/2) (θf−1)
1+α(θf−1) (7)

Flame dynamics. The unsteady flame propagation
is given by (1), with the appropriate boundary and
initial conditions. Nevertheless, in the limit of large
Zel’dovich numbers, the reaction rate terms can be re-
placed but Dirac deltas with appropriate intensities.
These intensities, which set the jumps of the gradi-
ents across the flame, are p−∞ − p+∞ in the case of
temperature, and c(1−Yb) for the fuel. Furthermore,
since there is no species diffusion in the solid, the
fuel mass fraction distribution is uniform in absence
of the reaction terms and so, it is unity upstream of
the flame, and Yb downstream of it. Therefore, for
large activation energies, the dynamics of the flame

is given by:

θt + c θξ = θξξ + (p−∞ − p+∞) δ(ξ) (8a)
p−∞ − p+∞ = c (1− Yb) (8b)

c = κ−1/2Λ e
(β/2) (θf−1)
1+α(θf−1) (8c)

with p±∞ = ∂θ/∂ξ|ξ=0± and the flame temperature
θf (t) = θ(0, t).
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Fig. 2. The phase plane a − θf for some numerical so-
lutions of the dynamical behavior of solid flames with
β = 10.5.

This is the problem formulated in the scales ap-
propriate for the steady premixed flame. However,
as anticipated above, the unsteady propagation deep
into the instability region assumes the form a relax-
ation oscillations characterized by stages with flame
temperatures well above unity and, accordingly, with
flame velocities of order c ≈ exp (β/2) >> 1. Thus,
the region upstream of the flame where heat conduc-
tion effects are still important has a length scale of
order c−1, much smaller than unity. This is thus the
appropriate scaling for the spatial coordinate, leading
to the new independent variable ς = c ξ ≈ 1. Substi-
tuting this new variable into the previous problem un-
covers the corresponding time scale: dτ = c2dt ≈ 1,
both conducting to:

θτ = θςς −
(
1 + a ς

)
θς + (q−∞ − q+∞) δ(ξ) (9a)

q−∞ − q+∞ = 1− Yb (9b)

and a = d ln c/dτ , given by

a =
d ln κ

dq−∞

dq−∞
dτ

+
β

2
θfτ

Λ2

(
1 +

2
β

αΛ
)

(10)

where q±∞ are the scaled slopes of the temperature
distribution at the flame q±∞ = p±∞/c. Fig. 2 and
Fig. 3 show some solutions of the previous problem.

Numerical method. The problem (9) is solved nu-
merically in a nonuniform grid, ζ±i, the plus sign re-
ferring to the downstream side of the flame and the
minus one to that upstream and with ζ = 0 corre-
sponding to the flame sheet. The grid on each side
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of the flame is obtained as a hyperbolic tangent map-
ping of a uniform grid i/N±, with i running from
1 to N±, onto a nonuniform grid [0, ζ±i ζ±∞], given
by ζ±i /ζ±∞ = 1 − tanh(µ±(1 − i/N±))/ tanh(µ±),
where ζ±∞ and µ± are the parameters which define
the transformation, and can be different for each
side of the flame. Typical values of the parameters
are ζ−∞ = −10000, ζ+∞ = 20000, µ± = 5.5 and
N± = 4000 for the numerical solutions shown above.
The spatial operator are discretized with second or-
der finite differences and the solution is advanced in
time with an implicit Euler integrator with constant
time step of order ranging between 10−3, 10−4. The
complete integro-differential problem, (9) and (10) is
solved with a Broyden type iterative method with θf

and c as iteration variables.
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Fig. 3. The time evolution during a complete period of
the flame temperature (above), and the flame position
(below), corresponding to the phase portraits depicted
in Fig. 2.

Gases
We considere here a homogeneous gaseous mix-

ture, deficient in the fuel, which can sustain chemical
reactions according to a single global irreversible step
F+ sO2 → (1 + s)P+Q, where s is the mass of oxy-
gen per unit mass of fuel and Q is the heat released
per unit mass of fuel burnt. The temperature, T̃ , and
the fuel mass fraction, ỸF , are made dimensionless as
follows: θ = (T̃ − T̃u)/(T̃b − T̃u) and YF = ỸF /ỸFu,
where the subindex u refers to the unperturbed mix-
ture conditions whereas the b one refers to the steady
burnt conditions. The independent variables, x̃ and
t̃, are made nondimensional with the characteristic
length and time, respectively, from a stationary flame
propagating with velocity UL: lL = λ/ρcpUL and
tL = lL/UL, so one has with x = x̃/lL and t = t̃/tL.
In a frame of reference attached to the flame, with
ξ = x − xf (t), so the instantaneous flame speed:
c(t) = −dxf/dt, one has

−(C(YF )− Le−1
F YFξξ) = C(θ)− θξξ = βω (11)

with the convective operator again C(·) = ∂t +
c∂ξ, the nondimensional reaction rate ω = ∆ {1 +
α (θ − 1)}γ Y νO

O Y νF

F exp
(
β (θ − 1)/(1 + α (θ − 1))

)
,

where the factor β = E(T̃b − T̃u)/RT̃ 2
b , a Zel’dovich

number, has been introduced anticipating the or-
der of magnitude of the reaction rate. α is a
measure of the exothermicity, α = (T̃b − T̃u)/T̃b

and ∆ = tLBT̃ γ
b Ỹ νF−1

Fu Ỹ νO

Ou e−E/RT̃b/β, is the eigen-
value corresponding to the stationary solution ([7]),
∆ = βνF /

(
2Γ(νF + 1)LeνF

F Y νO

Ob

)
, with YOb = 1 −

φ, the dimensionless unburnt oxygen mass frac-
tion left past the flame, φ being the equivalence
ratio, sỸFu/ỸOu. Thus, the propagation veloc-
ity of the stationary flame is obtained as U2

L =
BT̃ γ

b Ỹ νF−1
Fu Ỹ νO

Ou e−E/RT̃b(k/ρcp)/(β∆). Finally, γ is
the exponent of the temperature dependence of the
prexponential coefficient. The appropriate boundary
conditions are the cold, unperturbed fresh mixture
far upstream, θ = YF − 1 = 0 as ξ → −∞, and equi-
librium far downstream θ − 1 = YF = 0 as ξ →∞.

Inner structure. Again as in the case for solids, the
reaction layer width is of order β−1. The apparent
flame temperature is denoted again by θf . In ad-
dition, since the flame is lean, the fuel is completely
exhausted in first approximation in the flame, so that
the apparent fuel mass fraction at the flame vanishes.
The inner structure once again can be studied intro-
ducing the rescaled inner variables, Λϕ = β(θ − θf ),
ΛzF = βYF and χ = βξ, again with Λ = 1 + αθf ,
which is introduced for convenience. With these vari-
ables, it results, as in the steady case, a quasistation-
ary reaction zone whose structure is determined by
the balance between the reaction rate and the diffu-
sive terms

−ϕχχ = δ zνF

F eϕ (12a)(
zFLe−1

F + ϕ
)
χχ

= 0 (12b)

Here δ is a Damköhler number given by δ =
∆β−νF Λγ+νF−1Y νO

Ob eβ (θf−1)/Λ.
As in the solid case, this problem must be inte-

grated with boundary conditions that ensure cou-
pling with the outer reaction-free regions, namely,
zFχ = −mF /Λ, ϕχ = p−∞/Λ as χ → −∞ and
yFχ = 0, ϕχ = p+∞/Λ, as χ →∞.

Here mF ≥ 0 stands for the instantaneous dimen-
sionless fuel mass fraction consumed by the flame,
mF = −∂YF /∂ξ|ξ=0− = −∂yF /∂χ|χ→−∞. On the
contrary, downstream of the flame there is no flux
of fuel since the case of a lean flame is being con-
sidered here, and no fuel is left behind the flame
in first approximation. Finally, p±∞ denote the di-
mensionless heat fluxes at the reaction sheet, p±∞ =
∂θ/∂ξ|ξ=0± = ∂ψ/∂χ|χ=±∞. All these gradients are
functions of time but, since the inner structure is qua-
sistationary, they enter in this problem as parame-
ters. Only the solution of the dynamics of the flame
as a whole, reaction sheet and outer regions coupled,
will render the fluxes, as well as the flame tempera-
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ture and the velocity, as part of the solution.
Solution. Integrating once equation (12b) and tak-

ing into account the boundary conditions at the un-
burnt state gives:

Λ
(
Le−1

F zF + ϕ
)

χ
= −mFLe−1

F + p−∞ (13)

This first integral can be used to evaluate the gradi-
ents past the flame, resulting in the relation between
the jumps across the flame:

p−∞ − p+∞ = mF /LeF (14)

Integrating once more (13) leads to zF /LeF +ϕ =
(−mF /LeF + p−∞)Λ−1 χ = p+∞Λ−1 χ. The con-
stants of integration have been calculated taking into
account the conditions YF (ξ = 0) = θ(ξ = 0)− θf =
0, which fix the position of the flame. This result can
be used to obtain the reduced fuel mass fraction as
a function of the temperature, so substituting back
into (12a), with z = zF /LeF

zχχ = δ LeνF

F zνF e(p+∞/Λ)χ−z (15)
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Fig. 4. The unburnt fuel, z∞, and the function n from
the inner structure of a gaseous flame as functions of the
parameter m.

Finally, the variable ζ, defined as mζ =
(p+∞/Λ)χ+ln

(
2Γ(νF + 1)δ LeνF

F Λ2/(p−∞ − p+∞)2
)
,

with m = p+∞/(p−∞ − p+∞), reduces the problem
for the inner structure to

2Γ(νF + 1)zζζ = zνF emζ−z (16)

to be integrated with boundary conditions zζ → 0 as
ζ → +∞ and zζ → −1 as ζ → −∞.

The factor 2Γ(νF +1) has been chosen so that (16)
has solutions for m = 0 satisfying these boundary
conditions. This is a generalized version of Liñán’s
canonical problem ([6]) in the case of nonunity fuel
order of reaction.

As part of the solution one obtains the limit val-
ues z∞(m) = lim

ζ→∞
z, and n(m) = lim

ζ→−∞
(z + ζ),

both plotted in Fig. 4. z∞ is the unburnt fuel leak-
age past the flame, which must vanish for m > 0,
when the temperature grows behind the flame be-
cause otherwise the reaction rate would grow with-
out bound. On the other hand, n is related to the
burning rate as follows. The far upstream behav-
ior of z is z → −(

mF /(LeFΛ)
)
χ, which, on us-

ing the definition of ζ, becomes z → −m−1
{
mζ −

ln
(
2Γ(νF + 1)δ LeνF

F Λ2/(p−∞ − p+∞)2
)}

, so that it
follows (p−∞−p+∞)2 = e−n(m)m 2Γ(νF +1)δ LeνF

F Λ2.
Finally, using the definitions of δ and m:

p2
−∞ en(m)m/(m + 1)2 = Λγ+νF +1eβ (θf−1)/Λ (17)

Dynamics. As for solids, in the limit of large
Zel’dovich numbers, the reaction rate terms can be
replaced by Dirac deltas with appropriate intensi-
ties, p−∞ − p+∞ in the case of temperature, and
mF /LeF for the fuel mass fraction upstream of the
flame. Since the case of a lean flame is being consid-
ered here, only the fuel mass fraction distribution is
needed in determining the dynamics. Furthermore,
since the fuel is completely consumed by the flame in
first approximation, only the region upstream of the
flame needs to be considered when calculating the
fuel mass fraction distribution. Thus, the dynamics
of the flame is governed by:

CD(θ; 1) = (p−∞ − p+∞) δ(ξ) for all ξ (18a)
CD(YF ;LeF) = −(mF/LeF) δ(ξ) for ξ ≤ 0 (18b)

with boundary conditions: θ = YF − 1 = 0 as
ξ → −∞, θ → 1 as ξ →∞ and YF = 0 at ξ = 0.

The convection-diffusion operator is defined as
CD(·, L) = ∂t + c∂ξ −L−1∂ξξ. This problem must be
complemented with two more equations which pro-
vide continuity conditions for the slopes across the
flame and the relation of these slopes with the appar-
ent flame temperature θf . These are given by the pre-
vious analysis of inner structure of the flame, namely
equations (14) and (17).

Thus, equations (18) and (14), (17), form a com-
plete problem to determine the distributions θ(ξ, t)
and Yf (ξ, t), as well as the flame temperature, θf (t),
and the heat fluxes and fuel rate of consumption,
p±∞(t) and mF (t) respectively. To see this, one can
think of the differential equations for θ and YF (18) as
a system of three equations to determine the distri-
butions θ−(ξ, t) = θ(ξ < 0, t), θ+(ξ, t) = θ(ξ > 0, t)
and YF (ξ < 0, t), and the slopes p−∞, p+∞ and mF

as well, as functions of the parameters c, θf . To com-
plete the problem, the algebraic equations (14) and
(17) represent a system from which to determine c,
θf , closing this way the problem.

Again as in the case of solids, an unsteady pre-
heat region can be defined as the layer upstream the
flame where convective and diffusive transport bal-
ance, leading to a length which scales as c−1, and
a residence time therein of order c−2. Scaling space
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and time with these new scales respectively, ς = cξ,
dτ = c2dt, gives, for the dynamics

C̃D(θ, 1) = I δ(ς) for all ς (19)

C̃D(YF ,LeF) = −I δ(ς) for ς ≤ 0 (20)

with I = q−∞ − q+∞ and the modified convection-
diffusion operator C̃D(·, L) = ∂τ +(1+a)∂ς−L−1∂ςς .
The boundary conditions are θ → 0 as ς → −∞ and
θ → 1 as ς → ∞ for θ and YF → 1 as ς → −∞,
YF = 0 at ς = 0 for YF . The scaled fluxes at the
flame are now q±∞ = p±∞/c and m̃F = mF /c.
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Fig. 5. The phase plane a − θf for some numerical
solutions of the dynamical behavior of a gaseous flame
corresponding to Le = 2.0, νF = 1, α = 1, for several
values of the dimensionless activation energy.

The relations provided by the inner structure of
the flame

c2q2
−∞

en(m)m

(m + 1)2
= Λγ+νF +1eβ (θf−1)/Λ (21a)

m = q+∞/(q−∞ − q+∞) (21b)

q−∞ − q+∞ = m̃FLe−1
F (21c)

complete the problem. The numerical solution is ob-
tained in this case much in the same way as in that
for solids and Fig. 5 shows some numerical results.

Conclusions
The problem of the unsteady propagation of pre-

mixed, planar flame fronts, both for solids as well as
for gaseous mixtures, has been formulated for large
activation energies. The original problem contained
three different spatial scales, namely the order unity
length related to the width of a steady premixed
flame, that of the unsteady, preheated regions around
the reaction layer where heat conduction effects are
still important, of order c−1, and, finally, that of
the reaction layer itself, the smallest one, of order
β−1c−1. In addition, these spatial scales are them-
selves strongly varying functions of time along a pe-
riod because the flame temperature, and accordingly
the velocity, changes with time. The numerical solu-
tion of such a problem poses serious difficulties. How-
ever, since the reaction layer is quasiesteady, it can
be solved in advance, the effects on it of the outer,
time-dependent regions entering only parametrically.
Further, using the spatial and temporal scales appro-
priate for the preheated regions, c−1 and c−2 respec-
tively, relaxes considerably the numerical difficulties,
allowing to obtain the dynamics of flames well deep
into the unstable region. Some examples of these are
shown.
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