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Flame dynamics such as the formation of wrinkles is caused by instabilities such as thermal
expansion and buoyancy. We have studied the combined thermal and buoyancy effects on the
propagation of a premixed flame by using a front-tracking method. It was found that though
wrinkled surface could be stabilized by a strong upward buoyancy force (negative gravity) in a
downward propagating flame, wrinkles with short wavelengths remained intact, while those with
long wavelengths were suppressed as the magnitude of gravity became sufficiently small. As such,
compared to the zero-gravity condition, reduced ranges of cellular scales result in weaker
interactions between multiscale wrinkles; consequently, the chaotic motion characterized by
incessant merging and dividing of cells is also weakened. With downward buoyancy (positive
gravity) as well as flame propagation, a steady flame structure is established. This is in contrast to
the general realization of gravitational destabilization in that while a flame is readily deformed to a
large wrinkle at the incipient stage of Darrieus—Landau instability, ensuing stability due to the
coupling of Darrieus—Landau and Rayleigh—Taylor instabilities prevents further excitation of
secondary Darrieus—Landau instability and hence associated unsteady evolution. However, if the
positive gravity is sufficiently large, the ordered pattern degenerates and the highly irregular
geometry of flame surface is formed without a specific cell structure. This is the typical
manifestation of Rayleigh—Taylor instability caused by the buoyancy force exerted on an interface

with a density jump. © 2008 American Institute of Physics. [DOL: 10.1063/1.2908932]

I. INTRODUCTION

Flames are generally wrinkled, either due to the external
flow structure or caused by flame-front instabilities specifi-
cally of a hydrodynamic type that inherently occurs due to
thermal expansion across the front, which is also known as
the Darrieus—Landau instability."2 Due to this instability, a
flame may propagate either unsteadily with a progressive
formation of cellular structure or nearly steadily with a single
wrinkle, depending on the relative size of the open do-
main, A, and the critical wavelength associated with a maxi-
mum growth rate, )\c,z which is derived based on a linear
stability analysis. The nonlinear evolution is governed by the
incessant merging and splitting mechanisms of cells.”® Spe-
cifically, contiguous wrinkles tend to merge with each other
and, eventually, a solitary curved flame can be created and
propagate stably if A, is comparable to A. If the domain size
is much larger than ., however, new cells on the order of A,
will be frequently formed, generally around the flatter seg-
ment at the crest that is associated with a small curvature and
a weak stability, which is known as the “secondary Darrieus—
Landau instability,”7 and are superimposed on the large
flame hump that is of the order of A. Consequently, the mo-
tion becomes more disordered, which is associated with al-
ternating occurrence of merging and dividing of wrinkles.

In this work, the effects of buoyancy force on flame
motions are investigated. While in most conditions a flame
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propagates unsteadily, it is of interest to see that if positive
gravity with adverse acceleration is introduced (acceleration
toward the hot burned product), a solitary curved front can
be established, moving stably with large amplitude and cur-
vature. When the gravity is sufficiently large, however, a
flame will be substantially distorted by the buoyancy-
induced Rayleigh—-Taylor instability as the evolution of ther-
monuclear flames in colossal systems with tremendous gravi-
tational field.*® Furthermore, if negative gravity with
favorable acceleration is exerted (acceleration toward the
cold unburned reactant), as we shall demonstrate, the back-
ground hump is suppressed while small cells on the order of
\. can exist and occupy the flame front. Consequently, the
chaotic complication is reduced due to diminishing interac-
tions between multiscale wrinkles. If the favorable gravity is
sufficiently strong, all the wrinkles are suppressed and a pla-
nar flame is eventually retrieved.

Il. NUMERICAL APPROACH

To study the long-term evolution of a premixed flame in
moderate computational time, we have adopted a front-
tracking numerical method that is based on the flame-sheet
approach while allowing for reasonably large density jump
across the flame and associated nonlinear dynamics.lo’11 The
scheme was modified from a front-tracking method devel-
oped for multiphase flows'? to simulate the propagation of a
premixed flame surface in arbitrary flow field. The conserva-
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tion equations of mass and momentum are written for the
entire domain in two-dimensional coordinates (x,y) as

V-pu= f Ap(s,n—uy) - nd(x —x,)dl, (1)
f

7] 1
aLtu+V-puu=_Vp+V-{g(Vu+VTu)}+Frng, (2)

where p, p, and u are the density, pressure, and velocity,
respectively, normalized by the laminar flame speed s, un-
burned density p,, and the dynamic pressure puso2 with Ap as
the difference between the densities of the unburned and
burned mixtures. Re is the Reynolds number defined by Re
=p,SoL/ m, where L is a characteristic length scale, and Fr
=gL/ s02 is the Froude number, with g as the gravitational
constant and n, as the unit vector of the gravity field. The
flame speed s, adopted herein is 8 cm/s, according to a
methane/air premixed flame with an equivalence ratio of 0.6,
and L is chosen to be 1 cm such that it is much larger than
the typical flame thickness. The integration in Eq. (1) is over
the flame surface within unit volume (or surface in the
present two-dimensional case) and includes thermal expan-
sion on the divergence of velocity, where &(x) is a two-
dimensional delta function defined on the position vector x
with X, as the flame surface and n as the unit normal vector
of the flame front directing toward the burned side. Thus, by
integrating Eq. (1) over the whole flame surface, a source
term is obtained, which yields the jump of the normal veloc-
ity across the flame as coupled with the momentum equation
[Eq. (2)] via a projection method."* The singular source of
the divergence of the mass flux is smoothed across the flame
in terms of the immersed-boundary method' but is rendered
zero away from the surface. The interface is represented by
separate computational markers that move with the flame
speed relative to the local flow velocity interpolated from the
neighboring grid points. These markers are connected to
form a front, which keeps the density and viscosity stratifi-
cations sharp.

A curvature-affected flame propagation speed is used,
which is given by s,=s,(1+€¢V -n),"” where ¢ is a coefficient
that characterizes the ratio of flame thickness to the hydro-
dynamic scale L. By assigning a weak curvature effect, with
€ <1, the formation of sharp corners over the flame surface
is prevented while a stabilizing mechanism for the hydrody-
namic instability is provided. As a consequence, the curva-
ture effect tends to filter out wrinkles of small sizes (\
<A Where A <\,), rendering the flame to be stable,
while the flame becomes unstable for larger scales of pertur-
bation. It is noted that the flame speed is, in fact, a function
of flame stretch in the first-order approximation.ls’16 The
general expression also involves the stretch caused by
thermal-diffusive effects, which is nonetheless neglected
herein since only the hydrodynamic instability shall be con-
cerned, which is believed to play a primary role in the for-
mation of cellular structure in premixed flames'” that occurs
even when these effects are absent. Accordingly, the Lewis
number is set to unity, which is not uncommon to most mix-
tures in stoichiometric condition. In the current study with
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negligible difference in the transfer rate of heat and mass,
therefore, the stretch can be merely represented by the cur-
vature term and, thus, the coefficient € corresponds to the
well known Markstein length.18

The conservation equations of mass and momentum
were calculated on a fixed staggered grid with a second-order
central difference scheme for the spatial variables and ex-
plicit first-order time integration. While second-order accu-
racy could be performed for time advancement, we have
found its insignificant influence since the time step was small
in terms of stability requirement and merely adopted a first-
order algorithm to facilitate the simulation of long-term be-
havior. The computation was typically done in a rectangle
domain of 10X 15 that was resolved by 280 X 420 grids with
periodic boundaries in the x direction and an outlet flow
condition in the y axis being assigned as zero gradient. The
fresh mixture came in from the bottom boundary and, hence,
the flame propagated downward, whereas the sign of gravity
could be changed. Pairs of symmetrical Oseen vortices were
at times introduced to provide initial perturbations for flame
fronts, which might easily excite short waves via the inflec-
tion points of wrinkling and manifest the mechanism, as will
be discussed. For a single Oseen vortex, the vorticity
strength w and the azimuthal velocity v, are given, respec-
tively, by

r r
w=-2 exp(—r*/R?), wvy= —0[1 —exp(- /R%)], (3)
Tr 2ar

where I') is the initial total circulation, R is the characteristic
vortex radius, and r is the radial distance from the vortex
core center. The rotational velocity v, vanishes at the vortex
center, r=0, and far away, r— 0, and achieves a maximum
value vy,=0.1016 (I'¢/R) at r,,=1.1209R. We note that the
inlet velocity of fresh flow was implemented according to the
average speed of flame propagation s,, which was calculated
in terms of the total burning rate divided by the domain
width A. Therefore, the flame can be anchored at the central
region of the computational domain and the long-time evo-
Iution can be tracked. The computation generally took a
couple of days to at most two weeks by using standard per-
sonal computers.

lll. FLAME MOTION WITH GRAVITY

It is known that the hydrodynamic instability can be sup-
pressed in downward propagation of a flame.'® This is
caused by the favorable acceleration of negative gravity, as
can be first realized by means of a dispersion relation by
using linear stability analysis,15

1 2.1
a:i —k+[Fr(1——2>k+(l+q >k2
1 q q

1/2
—ﬂq+UMﬂ , (4)

where ¢ is the density ratio of the unburned and burned
mixtures. The relation between the growth rate a and wave-
number k with various Fr is plotted in Fig. 1 for €=0.01 and
g=2. It is seen that, for Fr=0, « is always positive unless k
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FIG. 1. (Color online) The dispersion relation between the growth rate «
and the wavenumber k (€=0.01, g=2).

is larger than a cutoff value, whereby the instability initiated
at a shorter wavelength is suppressed (A <\,). When nega-
tive gravity (Fr=-5) is introduced, however, a becomes
negative at small k, suggesting that the appearance of a large
wave is also inhibited. If the magnitude of negative Fr is
even larger, o becomes a complex number while its real part
remains constant. The growth rate is therefore a linear func-
tion of the wavenumber, as that shown for Fr=-50. When
the gravity becomes positive (Fr=5), nevertheless, the curve
is raised to larger « and the flame appears less stable. By
knowing the linear behaviors at the incipient stage of flame
wrinkling, we proceed further to realize, by a numerical
study, the ensuing evolution that shall characterize the non-
linear patterns in the long-term course.

A. Negative gravity with favorable stabilization
on flame wrinkling

It is seen from the linear stability analysis that negative
gravity can suppress flame wrinkles of large wavelength.
However, those at smaller scales may still appear if the mag-
nitude of gravity is not too large such that the growth rate is
still positive in the middle range of wavelength, as shown in
Fig. 1 for Fr=-5. As a consequence, cells of the order A,
induced by the hydrodynamic instability may survive in
flame propagation. This is, indeed, the case, as tested herein
via a perturbation of vortex passage. As shown in Fig. 2, the
initial large hump wrinkled by the incoming vortices soon
subsides, while cells at small scales are well distributed over
the flame front. Originally, waves are incited at the shoul-
ders, through the high-order inflection points or “kinks” that
are readily created by the vortex pailr,6 within which the
flame is substantially wrinkled. The waves then propagate
inward and are eventually dispersed all over the front. As a
result, in the lack of strong attraction by large wrinkles as
that in zero-gravity condition showing chaotic evolution of
multiple scales of wrinkles due to incessant merging and
dividing, small cells are more persistent and the evolution
appears to be more ordered, while weak interactions still lead
to merging and dividing locally.
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FIG. 2. (Color online) Evolution of an initially planar flame perturbed by a
vortex pair with negative gravity (Fr=-5, €=0.01, ¢=2, v,,=1/16,
Ar=1.0).

B. Positive gravity with adverse stabilization
on flame wrinkling

The effect of positive gravity can be realized first via the
interaction between a flame and a perturbation provided by a
pair of vortices in a computational domain that is comparable
to .. The early phase of the scenario is similar to that with-
out gravity as demonstrated in our preceding study,6 while
the later evolution is somewhat different. Specifically, when
a vortex pair passes the flame, excitation waves will be gen-
erated at the shoulders and transmitted toward the bound-
aries, leading to a metastable state characterized by two
wrinkles that shall remain temporarily stable and merge with
each other afterward, as shown by the early stage in Fig. 3(a)
(r=0-6). If the propagation is associated with positive grav-
ity, the metastable state after the passage of a vortex pair
quickly degenerates. The simulations show that the wrinkles
initially generated by a vortex pair on the flame merge much
faster than those without gravity, which exhibit magnificent
persistency though may eventually come to merge after a
very long time. The solitary wrinkle then steadily propagates
with extremely high stability, which is designated as a qua-
sistable state. The stabilization induced by positive gravity
on the nonlinear evolution of flame wrinkles can be further
demonstrated in terms of its abrupt introduction, as shown in
Fig. 3(b). In zero-gravity condition, if A is much larger than
N, cells on this order are frequently formed over the flame
front, yielding chaotic motions. After positive gravity is
added, however, the cells originally generated are swept to-
ward the trough and, consequently, a single curved wrinkle
with substantial amplitude is formed, leading to a quasistable
state.

The underlying mechanism can be comprehended via the
flow structure in terms of the distribution of velocity, pres-
sure, and resulted baroclinic torque (Vp X Vp/p?) that domi-
nates the profile of vorticity. As shown in Fig. 4(a), before
gravity is added, a pair of vorticities with inverse directions
is generated behind the flame due to the baroclinic torque
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FIG. 3. (Color online) Evolution of flame wrinkles (¢=2, Ar=1.0) for (a) an initially planar flame perturbed by a vortex pair with Fr=10 and €=0.1 and
(b) a flame initially vulnerable to cells of the order \., which are suppressed after the positive gravity is introduced (Fr=5, €=0.01).
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FIG. 4. (Color online) Flow structure before and after the positive gravity is introduced (€=0.01, g=2): plots of velocity vectors and vorticity contours as well
as the flame shape (top); filled contours of baroclinic torque and vectors of tangential pressure gradient along the flame surface associated with density
contours that indicate the density gradient across the flame (bottom) for (a) Fr=0 and (b) Fr=5.

Downloaded 11 Nov 2008 to 140.112.113.225. Redistribution subject to ASCE license or copyright; see http://pof.aip.org/pof/copyright.jsp



044106-5 Transformation of premixed flame behavior

Phys. Fluids 20, 044106 (2008)

pae———

FIG. 5. (Color online) Evolution of a planar flame initially perturbed sinusoidally with k=5 (Fr=100, €=0.1, g=2, Ar=2.0).

caused by the density gradient across the flame and tangen-
tial pressure gradient along the flame surface toward the crest
that is inherently created by the Darrieus—Landau instability.2
Consequently, the flow motion induced by the alignment of
the gradients of density and tangential pressure component
tends to suppress further excitation of flame vvrinkling.20 Af-
ter positive gravity is introduced, however, the signs of the
vorticities behind the flame are inversed, being positive
(counterclockwise) behind the positively sloped flame seg-
ment and negative (clockwise) behind the negatively sloped
segment [Fig. 4(b)]. This is caused by the directional change
of the tangential pressure gradient along the flame surface,
which is now directed to the trough due to the upward accel-
eration of hydrostatic pressure yielded by the gravity. The
incoming flow is thus inclined further toward the trough and
the small cell of A\, is accordingly swept down. As a conse-
quence, the flow motion behind the flame tends to incite the
flame wrinkling with a large wavelength that is originally
created by the Darrieus—Landau instability, as can be seen by
the dominance of positive vorticity over that behind the
small cell on the positively sloped segment.

Accordingly, stability is induced by positive gravity of
small or moderate magnitude because the gravitational force
directs the incoming reactant flow of higher density further
toward the trough and thus to move in a more coherent
course. As a result, the extent of diverging toward the crests
and converging toward the troughs of the unburned flow
caused by the Darrieus—Landau instability21 is magnified.
The enhanced stability for a curved flame can therefore be
identified as a consequence of the coupling between the
Darrieus—-Landau instability and the Rayleigh—Taylor insta-
bility that is known to distort an interface between two fluids
of different densities with gravitational acceleration being
directed toward the lighter fluid. As such, smaller cells of the
order A\, cannot be locally accommodated on the surface of
larger wrinkles but are swept away by a stronger tangential
velocity along the flame surface of the large wrinkle and
engulfed if they ever appear in the beginning. The amplifi-

cation of wrinkles with larger wavelength would be related
to the dominance of gravity at a lower wavenumber, as re-
vealed by its dependence of lower order than the others in
Eq. (4).

It is noted that similar stabilization was also mentioned
by Denet and Bonino,” but only briefly, who focused, how-
ever, on the comparison of a modified Michelson—
Sivashinsky equati0n3’23 and complete equations for flame
propagation with negative gravity and did not pay attention
to the mechanisms, as discussed herein.

The seemingly stabilizing effect of adverse gravity on
flame wrinkling that yields a solitary curved flame is gener-
ated when the gravitational force is not too strong. If its
magnitude is sufficiently large, however, evolution of the
flame geometry becomes extremely disordered. As shown in
Fig. 5, cells of the order A\, are established by the Darrieus—
Landau instability when the initially planar flame is per-
turbed in a sinusoidal form with k=5. After a short time, they
are substantially intermingled and a largely distorted flame is
formed, whereby no cells of specific structure appear. It
should be due to the change that the diverging-converging
flow pattern toward the wrinkled flame surface caused by the
Darrieus—Landau instability can no longer compete with the
destabilizing buoyancy structure of the Rayleigh-Taylor
instability.

The disorder induced by the large positive gravity can be
further demonstrated by the variation in the average speed of
flame propagation, s,. As shown in Fig. 6, s, first increases
with time and attains a metastable state due to the formation
of A. cells. After the symmetry is broken, s, sharply in-
creases and fluctuates with time, entering the stage that is
characterized by the substantial deformation of the flame sur-
face. This is similar to that in colossal systems associated
with tremendous gravitational field such as thermonuclear
flames in supernovae of type Ia’ In that situation, the
Rayleigh—Taylor instability caused by the large gravity sub-
stantially distorts the flame surface, leading to a multiple-
folded geometry without a definite shape. The deformation
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FIG. 6. Average propagation speed of a planar flame initially perturbed
sinusoidally with k=5 (Fr=100, €=0.1, ¢g=2).

and corresponding acceleration of the global flame motion
have been argued to cause turbulence that is responsible for
further acceleration and subsequent deflagration-to-
detonation transition, eventually yielding explosions of
supernovae.7’24 At the nonlinear stage, as a consequence of
strong adverse gravity, the formation of small cells on the
order of \. induced by the Darrieus—Landau instability is
inhibited. The flames are significantly convoluted by the flow
field generated via the Rayleigh—Taylor instability. This, un-
like the former, is not formed with a well-defined structure of
wrinkled configuration such as the saturated local curvature,
scale, and amplitude. In the intermediate range, in terms of
the strength of adverse gravity, between the regimes of dis-
tinct characteristics, however, a quasistable regime may exist
due to the coupling of these two instability mechanisms.

IV. CONCLUDING REMARKS

We have studied the characteristic variation of flame
wrinkling with respect to the change of gravity that spans a
wide range of typical regimes so as to identify its generic
effects, in particular, for the transitions between the regimes.
It is generally believed that negative gravity stabilizes flame
wrinkling while positive gravity tends to destabilize a flame.
At the nonlinear stage, however, as the positive gravity of
moderate strength is introduced, unsteady cells of the scale
A, originally generated by the hydrodynamic instability are
swept to the trough and new cells are prevented thereafter. A
solitary wrinkle of large scale is then formed with high sta-
bility. This is caused by the coupling between the hydrody-
namic instability and gravitational acceleration that magni-
fies the diverging-converging flow structure toward the
wrinkled flame surface as well as the associated curvature.
Nevertheless, if the magnitude of gravity becomes suffi-
ciently large, the organized pattern is destroyed and substan-
tial disorder without a specific cell structure is generated.
This is the consequence of Rayleigh-Taylor instability,
which is believed to also occur in colossal systems domi-
nated by strong gravitational forces, such as the propagation
of thermonuclear flames in supernova explosion.

While the simulations are performed in a two-
dimensional framework, the essential characteristics would
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be similar to those in three dimensions, specifically the in-
teractions of cells via merging and splitting mechanisms, as
demonstrated in Refs. 5, 25, and 26 in terms of either a
modified Michelson—Sivashinsky equation or complete equa-
tions. However, since the evolving scenario is not exactly
identical and some quantitative differences such as the cell
depth and flame surface area have been observed between
the two pictures, we are conservative about the direct map-
ping of the present results to a three-dimensional entity. In
particular, some elaboration for the periodic boundaries
would be needed for a sound correlation of the planar flame
propagation to spherical flame expansion as that occurs in
supernovae. Further study shall be conducted.
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