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Numerical study on lateral movements of cellular flames
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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 domindtite Lewis number is uniy stationary cellular flames are
formed. When the diffusive-thermal instability has a great influgitioe 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 [22—-30. From the results, we know that the nonlinear effect
is very important to lateral movements.

We know that there are three fundamental effects respon- In the diffusive-thermal model, cellular instability appears
sible for the inherent instability of premixed flami, i.e.,  only when the Lewis number is smaller than the critical
the hydrodynamic effect that is caused by thermal expansiopewis number (Lg) and Le is less than unity because the
[2—4], the body-force effect, which affects all flames any- activation energy is large but finite. On the other hand, in the
where on earth5—7], and the diffusive-thermal effect, which hydrodynamic model where the hydrodynamic effect is taken
is induced by the preferential diffusion of mass versus heahto account, cellular instability appears at+#, and Le
[8-12. Owing to these effects, either stationary or laterally <1 flames are unstable compared to the-lleflame. This
moving cellular flames are formed. _ _denotes that the diffusive-thermal effect has a destabilizing

Cellular flames are steady or unsteady, depending on mixnfiyence on the flames attendant upon thermal expansion not
ture comp05|t|or[5,13—lf}_. To investigate transversely trav- only at Le<Le, but also at Le<Le<1. Thus the stationary
eling waves on flames, linear analysis was performed usingy |ateral range of cellular flames will shift if one takes into
the diffusive-thermal model in which the density change of;ccount the hydrodynamic effect.
gases associated with thermal expansion is neglected, i.e., 5| flames are attendant upon thermal expansion. Thus the
the hydrodynamic effect is disregardgd6,17. Linear  hydrodynamic effect is indispensable to research the behav-
analysis predicted that transversely traveling waves woulgor of cellular flames. There are successful calculations on
appear only at the Lewis numbére) larger than a critical = flame instability and the formation of cellular flamé&d—35
value (>1). However, most cellular flames are usually ob-\yhen the hydrodynamic effect is taken into account. Now we
tained experimentally at le1 and the majority of laterally can apply the numerical model to cellular flames for the pur-
moving cellular flames are observed under this conditidn  pose of studying their lateral movements. In this study we
Linear analysis for Lel based on the diffusive-thermal caiculate the evolution of disturbed premixed flames for Le

model did not predict transversely traveling wa€s10l. <1 we study the essential factors in the appearance of lat-
Subsequently, linear stability analysis taking into account thera|ly moving cellular flames.

hydrodynamic effect was performdd,18-21. At Le<1,
traveling-wave instability will not occur, but cellular insta-
bility will. Therefore, the linear analysis did not clarify the
lateral movements of cellular flames for small Lewis num-
bers. We consider two-dimensional single-reactant flames and
In linear analysis, it is assumed that the disturbances suake the direction tangential to the flame front asythdirec-
perimposed on flames are infinitesimal, and nonlinear termsion, with the gas velocity in the positive-direction. To
are disregarded. To study the behavior of cellular flames takderive the governing equations, the following assumptions
ing into account the nonlinear effect, the equation for theare used(i) Only two species, unburned and burned gases,
nonlinear evolution of the flame front based on the diffusive-are present. Both gases are ideal and have the same molecu-
thermal model, i.e., the so-called Kuramoto-Sivashinskylar weights and the same Lewis numbeiB. The chemical
(KS) equation, was used. The analysis and the numericakaction is an exothermic irreversible one-step reaction and
simulation of the KS equation showed the presence of laterthe reaction rate has the Arrhenius forfiii) The specific
ally moving cellular flames for small Lewis numbers heats and the transport coefficients are constant throughout
the whole region.(iv) The body force acts only in the
direction.(v) The radiation, bulk viscosity, Soret effects, Du-
*FAX: 81-52-735-5342. four effects, and pressure gradient diffusion are negligible

Il. GOVERNING EQUATIONS
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and the viscous and body-force terms in the energy equatio
are disregarded.

The flow variables in the equations are nondimensional:
ized by the characteristic length, the characteristic velocity
and the density of the unburned gas. The characteristi
length is 80 times the preheat zone thickn@sfined as the
thermal diffusivity divided by the burning velocity The
characteristic velocity is the isothermal sound velocity of the
unburned gas. The governing equations of two-dimensiong
reactive flows, including compressibility, viscosity, heat con-
duction, molecular diffusion, and body force, are written in
conservation form as

10.

8.

2967

T LI T T T 1 T

&U+<9F+¢9G_S
gt oox o ay

whereU, F, G, andS are vectors given by

p
pu
u=| pv |,
e
pY
pu
) Pri4dou 2dv
pu +p‘p—e(§5‘§w)
Pr{ov du
F= ”””_P_e(ﬁ W)
(e+p)u—iiﬂ
Pey—1 dx
1 oY
PYU Beledx
pv
Pr{ov du
va—P—e (?_X+W)
) Priddv 24du
c=| " p_P_e(§W_§5> :
y dT
(e+p)v—ﬁemw
1 oY
pYU_PeLeW
0
Gp
S= 0 ,

QBpY exp(—E/T)
—BpY exp—E/T)

oY)

FIG. 1. Temperature distribution of the one-dimensional station-
ary flame for Le=1.0 andG=0.

p=pT. @

Ill. NUMERICAL METHOD

The physical parameters are given to simulate a gas mix-
ture of which the burning velocity is 0.83 m/s and the adia-
batic flame temperature is 2086 K at atmospheric pressure
and room temperature. Nondimensional burning velocity and
adiabatic flame temperature are .80 % and 7.0, respec-
tively. Nondimensional parameters used in the calculation
are Pe=3.2x10%, Pr=1.0, y=1.4,Q=21, andE=70. For
the examination of the body-force effedg=0 and =1
X 10" * are taken. For the study of the Lewis number effect,
Le=0.5, 0.6, 0.8, and 1.0 are chosen because we are inter-
ested only in the lateral movements of cellular flames for
Le<1. The frequency factor is determined by the condition
under which the burning velocity of the one-dimensional
flame is equal to the set burning velocity £.5x 10" 3). The
frequency factors are 2.X710°, 1.85< 1P, 1.44x 1%, and
1.20x 10° for Le=0.5, 0.6, 0.8, and 1.0, respectively.

The explicit MacCormack schem¢36], which has
second-order accuracy in both time and space, is adopted for
the calculation. A computational domain is 80 times the pre-
heat zone thickness in thedirection and one wavelength of
disturbance in the direction, which is resolved by a 401
X 65 uniformly spaced grid. The time-step interval is 5
X 10"*. When the grid size and the time-step interval are
halved, no significant differences are observed.

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

Initial conditions for two-dimensional flames are provided
with the solutions of one-dimensional flames. The tempera-
ture distribution of the one-dimensional stationary flame for

wherep is the densityu andv are thex andy components

Le=1.0 andG=0 is shown in Fig. 1. On the plane flame, we

of the velocity,p is the pressures is the stored energyl; is  superimpose the disturbance with theculiar wavelength

the temperatureY is the mass fraction of the unburned gas, (the wavelength corresponding to the maximum growth)rate
Pe is the Pelet number, Pr is the Prandtl numb@&,is the  since it was reported that the spacing between cells on the
accelerationy is the ratio of specific heatq) is the heating flame is equivalent to the peculiar wavelen§®i]. The pe-
value,B is the frequency factor, ané is the activation en- culiar wavelength is obtained from the dispersion relation,

ergy. The equation of state is

which is given by the calculation for sufficiently small dis-
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turbances. The displacement of the flame front inxhdi-  lateral movements of cells are not observed. Thus we con-
rection due to the disturbance is clude that the body-force effect is not the origin of lateral
, movements.
Agsin(2my/N), 3

As shown in Figs. 2—4, the cellular flames move upstream
with time. The moving rates are equal to the increments in
the burning velocity, which are 24%, 34%, and 13% r
=0, 1x10 4 and—1x10 4 respectively. When the inlet-
flow velocities are set to the cellular burning velocities, sta-
tionary flames are obtained. The temperature distributions of

First, to investigate the hydrodynamic effect on the laterathe stationary cellular flames are shown in Figs. 5-7. The
movements of cellular flames, we set+2.0 andG=0. cellular flames hardly move.

The shapes of the flame front at each time (  Finally, we study the Lewis number effect at<é. The
=0,25,5Q...,250) for A\=0.427 andA,=0.02 are illus- evolutions of the flames for 120.5,0.6,0.8 and5=0 are
trated in Fig. 2. The location of the flame front is defined asillustrated in Figs. 8—10. In all cases, the laterally moving
the position wher@ =5. The unburned gas flows in from the cells on the flames are observed. Since the cells move later-
left at the burning velocity of the plane flame and the burnedally, we do not obtain stationary flames, even though the
gas flows out to the right. The amplitude of disturbance in-inlet-flow velocities are set to the cellular burning velocities.
creases initially with time and eventually reaches a maxi-The lateral components of velocities of cells are probably
mum amplitude A=0.067) att=90. The flame front constant. The ratios of the lateral velocities of cells to the
changes from a sinusoidal to a cellular shape. Thereafter, tHaurning velocity of plane flame are 0.79, 0.41, and 0.03 for
flame moves upstream, where the amplitude of disturbancke=0.5, 0.6, and 0.8, respectively. Moreover, the cell on the
and the moving rate of flame are constant, indicating that th&e=0.9 flame moves slightly in thg direction and lateral
burning velocity is increasing. The cell on the flame does notmovements will occur also at 0s9.e<1. Therefore, the
propagate in the direction. Thus it becomes clear that lat- Lewis number effect is one of the essential factors in the
eral movements are not generated only by the hydrodynamigppearance of laterally moving cellular flames.

effect. At Le<1, lateral movements do not occur at the begin-

Next, to examine the body-force effect, we takesL20  ning of the calculation, where the amplitude does not reach a
andG=+1x10*. The body-force effect has a destabiliz- maximum amplitude and the disturbance maintains a sinu-
ing (stabilizing influence on the flames & >0 (G<0). soidal shape. After the cellular shape of the flame front is
The evolutions of the disturbed flame fronts are illustrated iformed, lateral movements occur. In addition, the linear
Figs. 3 and 4. In both cases, cellular flames are formed andnalysis did not show traveling-wave instability at<t#.

whereA, is the initial amplitude of disturbance andis the
wavelength.

IV. RESULTS AND DISCUSSION
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FIG. 3. Evolution of the disturbed flame front
for Le=1.0, G=1x10"% A=0.400, andA,
=0.02 (=0,25,50. ..,250).
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FIG. 4. Evolution of the disturbed flame front
for Le=1.0, G=—1x10% A=0.448, andA,
=0.02 (=0,25,50. ..,250).

FIG. 5. Temperature distribution of the sta-
tionary cellular flame for Le 1.0, G=0, and\
=0.427; 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 Le1.0,G=1X 1074,
and A=0.400; the inlet-flow velocity is set to
1.34 times the burning velocity of the plane
flame.

FIG. 7. Temperature distribution of the sta-
tionary cellular flame for Le 1.0, G=-1
X 1074, and\ =0.448; the inlet-flow velocity is
set to 1.13 times the burning velocity of the plane
flame.
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FIG. 8. Evolution of the disturbed flame front
for Le=0.5, G=0, A=0.144, andA,=0.01 (t
=0,10,2Q...,100).

FIG. 9. Evolution of the disturbed flame front
for Le=0.6, G=0, A=0.160, andA,=0.01 (t
=0,15,30...,150).

FIG. 10. Evolution of the disturbed flame
front for Le=0.8, G=0, A=0.218, and A,
=0.01 (=0,25,50Q...,250); dashed line de-
notes the position of the concave flame front to-
ward the unburned gas.

FIG. 11. Temperature distribution of the lat-
erally moving cellular flame for Le0.5, G=0,
andA =0.144 att=100.
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Thus it becomes clear that the nonlinear effect of the flameion. Of course, all flames are attendant upon thermal expan-
front is prerequisite for the appearance of lateral movementsion. Thus we conclude that laterally moving cellular flames

We research the mechanism of lateral movements in morare formed at L& 1, which is different from the results of
detail. It was reported in the diffusive-thermal analysis thatprevious investigations based on the diffusive-thermal
lateral movements are introduced with a breaking of the remodel.
flection symmetry of cell§28]. We show the temperature
distribution of the cellular flame for 0.5 att=100 in
Fig. 11. The temperature has an overshoot at a convex flame
front toward the unburned gas, which is not observed when We have calculated the evolution of disturbed flames for
the disturbance is sufficiently small. Similar distributions areLe<1 and studied the essential factors in the appearance of
found in other cellular flames for lsel, where lateral move- laterally moving cellular flames. The results are summarized
ments appear. As shown in Figs. 5—7, such an overshoot &s follows.
not observed in the cellular flames for £4, where lateral (i) When the hydrodynamic and body-force instabilities
movements do not appear. In general, the physical phenonare dominant (Le 1), stationary cellular flames are formed.
ena associated with the overshoot are not stable. Thus the (ii) When the Lewis number is smaller than unity, later-
temperature overshoot induced by the Lewis number effechlly moving cellular flames are obtained after the cellular
and by the nonlinear effect of the flame front will cause ashape of the flame front is formed. The Lewis number effect
breaking of the reflection symmetry of cells and lateraland the nonlinear effect of the flame front are the essential
movements appeatr. factors in lateral movements.

In the diffusive-thermal model, cellular instability does  (iii) The temperature overshoot found in the cellular
not appear at Le<Le<1l. When we apply the diffusive- flames for Le<1 will cause a breaking of the reflection sym-
thermal model to the flames used in the present study, wmetry of cells and lateral movements appear.
obtain Le=0.767 because the activation energy is 70 and (iv) The lateral movements of cellular flames are obtained
the adiabatic flame temperature is ¥0. In the present cal- not only at Le<Le, but also at Lg<Le< 1, which is differ-
culation, the cellular flame moves laterally not only atent from the results of previous investigations based on the
Le<Le, but also at Le<Le<1. It is due to thermal expan- diffusive-thermal model.

V. CONCLUDING REMARKS
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