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Numerical study on lateral movements of cellular flames

Satoshi Kadowaki*
Department of Mechanical Engineering, Nagoya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya 466, Japan

~Received 29 April 1996; revised manuscript received 17 March 1997!

The lateral movements of cellular premixed flames for the Lewis number unity or smaller are studied by
means of numerical simulation. The numerical model includes compressibility, viscosity, heat conduction,
molecular diffusion, body force, chemical reaction, and convection. We superimpose the disturbances with
peculiar wavelengths on the plane flames and calculate the evolution of disturbed flames. When the hydrody-
namic and body-force instabilities are dominant~the Lewis number is unity!, stationary cellular flames are
formed. When the diffusive-thermal instability has a great influence~the Lewis number is smaller than unity!,
laterally moving cellular flames are obtained. The numerical simulation shows that the Lewis number effect
and the nonlinear effect of the flame front are the essential factors in the lateral movements of cellular flames.
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I. INTRODUCTION

We know that there are three fundamental effects resp
sible for the inherent instability of premixed flames@1#, i.e.,
the hydrodynamic effect that is caused by thermal expan
@2–4#, the body-force effect, which affects all flames an
where on earth@5–7#, and the diffusive-thermal effect, whic
is induced by the preferential diffusion of mass versus h
@8–12#. Owing to these effects, either stationary or latera
moving cellular flames are formed.

Cellular flames are steady or unsteady, depending on m
ture composition@5,13–15#. To investigate transversely trav
eling waves on flames, linear analysis was performed us
the diffusive-thermal model in which the density change
gases associated with thermal expansion is neglected,
the hydrodynamic effect is disregarded@16,17#. Linear
analysis predicted that transversely traveling waves wo
appear only at the Lewis number~Le! larger than a critical
value (.1). However, most cellular flames are usually o
tained experimentally at Le,1 and the majority of laterally
moving cellular flames are observed under this condition@5#.
Linear analysis for Le,1 based on the diffusive-therma
model did not predict transversely traveling waves@9,10#.
Subsequently, linear stability analysis taking into account
hydrodynamic effect was performed@7,18–21#. At Le,1,
traveling-wave instability will not occur, but cellular insta
bility will. Therefore, the linear analysis did not clarify th
lateral movements of cellular flames for small Lewis nu
bers.

In linear analysis, it is assumed that the disturbances
perimposed on flames are infinitesimal, and nonlinear te
are disregarded. To study the behavior of cellular flames
ing into account the nonlinear effect, the equation for
nonlinear evolution of the flame front based on the diffusiv
thermal model, i.e., the so-called Kuramoto-Sivashins
~KS! equation, was used. The analysis and the numer
simulation of the KS equation showed the presence of la
ally moving cellular flames for small Lewis numbe
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@22–30#. From the results, we know that the nonlinear effe
is very important to lateral movements.

In the diffusive-thermal model, cellular instability appea
only when the Lewis number is smaller than the critic
Lewis number (Lec) and Lec is less than unity because th
activation energy is large but finite. On the other hand, in
hydrodynamic model where the hydrodynamic effect is tak
into account, cellular instability appears at Le51, and Le
,1 flames are unstable compared to the Le51 flame. This
denotes that the diffusive-thermal effect has a destabiliz
influence on the flames attendant upon thermal expansion
only at Le,Lec but also at Lec,Le,1. Thus the stationary
or lateral range of cellular flames will shift if one takes in
account the hydrodynamic effect.

All flames are attendant upon thermal expansion. Thus
hydrodynamic effect is indispensable to research the beh
ior of cellular flames. There are successful calculations
flame instability and the formation of cellular flames@31–35#
when the hydrodynamic effect is taken into account. Now
can apply the numerical model to cellular flames for the p
pose of studying their lateral movements. In this study
calculate the evolution of disturbed premixed flames for
<1. We study the essential factors in the appearance of
erally moving cellular flames.

II. GOVERNING EQUATIONS

We consider two-dimensional single-reactant flames
take the direction tangential to the flame front as they direc-
tion, with the gas velocity in the positive-x direction. To
derive the governing equations, the following assumptio
are used.~i! Only two species, unburned and burned gas
are present. Both gases are ideal and have the same mo
lar weights and the same Lewis numbers.~ii ! The chemical
reaction is an exothermic irreversible one-step reaction
the reaction rate has the Arrhenius form.~iii ! The specific
heats and the transport coefficients are constant throug
the whole region.~iv! The body force acts only in thex
direction.~v! The radiation, bulk viscosity, Soret effects, Du
four effects, and pressure gradient diffusion are negligi
2966 © 1997 The American Physical Society
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and the viscous and body-force terms in the energy equa
are disregarded.

The flow variables in the equations are nondimension
ized by the characteristic length, the characteristic veloc
and the density of the unburned gas. The character
length is 80 times the preheat zone thickness~defined as the
thermal diffusivity divided by the burning velocity!. The
characteristic velocity is the isothermal sound velocity of
unburned gas. The governing equations of two-dimensio
reactive flows, including compressibility, viscosity, heat co
duction, molecular diffusion, and body force, are written
conservation form as

]U

]t
1

]F

]x
1

]G

]y
5S, ~1!

whereU, F, G, andS are vectors given by
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wherer is the density,u andv are thex andy components
of the velocity,p is the pressure,e is the stored energy,T is
the temperature,Y is the mass fraction of the unburned ga
Pe is the Pe´clet number, Pr is the Prandtl number,G is the
acceleration,g is the ratio of specific heats,Q is the heating
value,B is the frequency factor, andE is the activation en-
ergy. The equation of state is
on

l-
,

tic

e
al
-

,

p5rT. ~2!

III. NUMERICAL METHOD

The physical parameters are given to simulate a gas m
ture of which the burning velocity is 0.83 m/s and the ad
batic flame temperature is 2086 K at atmospheric press
and room temperature. Nondimensional burning velocity a
adiabatic flame temperature are 2.531023 and 7.0, respec-
tively. Nondimensional parameters used in the calculat
are Pe53.23104, Pr51.0, g51.4, Q521, andE570. For
the examination of the body-force effect,G50 and 61
31024 are taken. For the study of the Lewis number effe
Le50.5, 0.6, 0.8, and 1.0 are chosen because we are in
ested only in the lateral movements of cellular flames
Le<1. The frequency factor is determined by the conditi
under which the burning velocity of the one-dimension
flame is equal to the set burning velocity (52.531023). The
frequency factors are 2.173106, 1.853106, 1.443106, and
1.203106 for Le50.5, 0.6, 0.8, and 1.0, respectively.

The explicit MacCormack scheme@36#, which has
second-order accuracy in both time and space, is adopte
the calculation. A computational domain is 80 times the p
heat zone thickness in thex direction and one wavelength o
disturbance in they direction, which is resolved by a 40
365 uniformly spaced grid. The time-step interval is
31024. When the grid size and the time-step interval a
halved, no significant differences are observed.

Boundary conditions are as follows. In thex direction,
except for the velocity of inlet flow, free-flow conditions ar
used upstream and downstream and we appropriate
sided difference approximations with second-order accura
The flow velocity upstream is set to the burning velocity
the plane flame so that the flame position will barely mo
In the y direction, spatially periodic conditions are used.

Initial conditions for two-dimensional flames are provide
with the solutions of one-dimensional flames. The tempe
ture distribution of the one-dimensional stationary flame
Le51.0 andG50 is shown in Fig. 1. On the plane flame, w
superimpose the disturbance with thepeculiar wavelength
~the wavelength corresponding to the maximum growth ra!
since it was reported that the spacing between cells on
flame is equivalent to the peculiar wavelength@31#. The pe-
culiar wavelength is obtained from the dispersion relatio
which is given by the calculation for sufficiently small dis

FIG. 1. Temperature distribution of the one-dimensional stati
ary flame for Le51.0 andG50.
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FIG. 2. Evolution of the disturbed flame fron
for Le51.0, G50, l50.427, andA050.02 (t
50,25,50, . . . ,250).
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turbances. The displacement of the flame front in thex di-
rection due to the disturbance is

A0sin~2py/l!, ~3!

whereA0 is the initial amplitude of disturbance andl is the
wavelength.

IV. RESULTS AND DISCUSSION

First, to investigate the hydrodynamic effect on the late
movements of cellular flames, we set Le51.0 andG50.
The shapes of the flame front at each timet
50,25,50, . . . ,250) for l50.427 andA050.02 are illus-
trated in Fig. 2. The location of the flame front is defined
the position whereT55. The unburned gas flows in from th
left at the burning velocity of the plane flame and the burn
gas flows out to the right. The amplitude of disturbance
creases initially with time and eventually reaches a ma
mum amplitude (A50.067) at t590. The flame front
changes from a sinusoidal to a cellular shape. Thereafter
flame moves upstream, where the amplitude of disturba
and the moving rate of flame are constant, indicating that
burning velocity is increasing. The cell on the flame does
propagate in they direction. Thus it becomes clear that la
eral movements are not generated only by the hydrodyna
effect.

Next, to examine the body-force effect, we take Le51.0
andG56131024. The body-force effect has a destabili
ing ~stabilizing! influence on the flames atG.0 (G,0).
The evolutions of the disturbed flame fronts are illustrated
Figs. 3 and 4. In both cases, cellular flames are formed
l
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lateral movements of cells are not observed. Thus we c
clude that the body-force effect is not the origin of late
movements.

As shown in Figs. 2–4, the cellular flames move upstre
with time. The moving rates are equal to the increments
the burning velocity, which are 24%, 34%, and 13% forG
50, 131024, and2131024, respectively. When the inlet
flow velocities are set to the cellular burning velocities, s
tionary flames are obtained. The temperature distribution
the stationary cellular flames are shown in Figs. 5–7. T
cellular flames hardly move.

Finally, we study the Lewis number effect at Le,1. The
evolutions of the flames for Le50.5,0.6,0.8 andG50 are
illustrated in Figs. 8–10. In all cases, the laterally movi
cells on the flames are observed. Since the cells move la
ally, we do not obtain stationary flames, even though
inlet-flow velocities are set to the cellular burning velocitie
The lateral components of velocities of cells are proba
constant. The ratios of the lateral velocities of cells to t
burning velocity of plane flame are 0.79, 0.41, and 0.03
Le50.5, 0.6, and 0.8, respectively. Moreover, the cell on
Le50.9 flame moves slightly in they direction and lateral
movements will occur also at 0.9,Le,1. Therefore, the
Lewis number effect is one of the essential factors in
appearance of laterally moving cellular flames.

At Le,1, lateral movements do not occur at the beg
ning of the calculation, where the amplitude does not reac
maximum amplitude and the disturbance maintains a s
soidal shape. After the cellular shape of the flame fron
formed, lateral movements occur. In addition, the line
analysis did not show traveling-wave instability at Le,1.
t
FIG. 3. Evolution of the disturbed flame fron
for Le51.0, G5131024, l50.400, andA0

50.02 (t50,25,50, . . . ,250).
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FIG. 4. Evolution of the disturbed flame fron
for Le51.0, G52131024, l50.448, andA0

50.02 (t50,25,50, . . . ,250).

FIG. 5. Temperature distribution of the sta
tionary cellular flame for Le51.0, G50, andl
50.427; the inlet-flow velocity is set to 1.24
times the burning velocity of the plane flame.

FIG. 6. Temperature distribution of the sta
tionary cellular flame for Le51.0, G5131024,
and l50.400; the inlet-flow velocity is set to
1.34 times the burning velocity of the plan
flame.

FIG. 7. Temperature distribution of the sta
tionary cellular flame for Le51.0, G521
31024, andl50.448; the inlet-flow velocity is
set to 1.13 times the burning velocity of the plan
flame.
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FIG. 8. Evolution of the disturbed flame fron
for Le50.5, G50, l50.144, andA050.01 (t
50,10,20, . . . ,100).

FIG. 9. Evolution of the disturbed flame fron
for Le50.6, G50, l50.160, andA050.01 (t
50,15,30, . . . ,150).

FIG. 10. Evolution of the disturbed flam
front for Le50.8, G50, l50.218, and A0

50.01 (t50,25,50, . . . ,250); dashed line de-
notes the position of the concave flame front t
ward the unburned gas.

FIG. 11. Temperature distribution of the la
erally moving cellular flame for Le50.5, G50,
andl50.144 att5100.
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Thus it becomes clear that the nonlinear effect of the fla
front is prerequisite for the appearance of lateral moveme

We research the mechanism of lateral movements in m
detail. It was reported in the diffusive-thermal analysis th
lateral movements are introduced with a breaking of the
flection symmetry of cells@28#. We show the temperatur
distribution of the cellular flame for Le50.5 at t5100 in
Fig. 11. The temperature has an overshoot at a convex fl
front toward the unburned gas, which is not observed w
the disturbance is sufficiently small. Similar distributions a
found in other cellular flames for Le,1, where lateral move-
ments appear. As shown in Figs. 5–7, such an oversho
not observed in the cellular flames for Le51, where lateral
movements do not appear. In general, the physical phen
ena associated with the overshoot are not stable. Thus
temperature overshoot induced by the Lewis number ef
and by the nonlinear effect of the flame front will cause
breaking of the reflection symmetry of cells and late
movements appear.

In the diffusive-thermal model, cellular instability doe
not appear at Lec,Le,1. When we apply the diffusive
thermal model to the flames used in the present study,
obtain Lec50.767 because the activation energy is 70 a
the adiabatic flame temperature is 7.0@9#. In the present cal-
culation, the cellular flame moves laterally not only
Le,Lec but also at Lec,Le,1. It is due to thermal expan
l.
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sion. Of course, all flames are attendant upon thermal exp
sion. Thus we conclude that laterally moving cellular flam
are formed at Le,1, which is different from the results o
previous investigations based on the diffusive-therm
model.

V. CONCLUDING REMARKS

We have calculated the evolution of disturbed flames
Le<1 and studied the essential factors in the appearanc
laterally moving cellular flames. The results are summariz
as follows.

~i! When the hydrodynamic and body-force instabiliti
are dominant (Le51), stationary cellular flames are forme

~ii ! When the Lewis number is smaller than unity, late
ally moving cellular flames are obtained after the cellu
shape of the flame front is formed. The Lewis number eff
and the nonlinear effect of the flame front are the essen
factors in lateral movements.

~iii ! The temperature overshoot found in the cellu
flames for Le,1 will cause a breaking of the reflection sym
metry of cells and lateral movements appear.

~iv! The lateral movements of cellular flames are obtain
not only at Le,Lec but also at Lec,Le,1, which is differ-
ent from the results of previous investigations based on
diffusive-thermal model.
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