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ABSTRACT

Cellular automata models based on population dynamics, introduced by Von Neumann in the 1950s, has been successfully used to describe
pattern development and front propagation in many applications, such as crystal growth, forest fires, fractal growth in biological media,
etc. We, herein, explore the possibility of using a cellular automaton, based on the population dynamics of flamelets, as a low-order model
to describe the dynamics of an expanding flame propagating in a turbulent environment. A turbulent flame is constituted by numerous
flamelets, each of which interacts with their neighborhood composed of other flamelets, as well as unburned and burnt fluid particles. This
local interaction leads to global flame dynamics. The effect of turbulence is simulated by introducing stochasticity in the local interaction
and hence in the temporal evolution of the flamefront. Our results show that the model preserves various multifractal characteristics of
the expanding turbulent flame and captures several characteristics of expanding turbulent flames observed in experiments. For example,
at low turbulence levels, an increase in global burning rate leads to an increase in the turbulence level, while beyond a critical turbulence
level, the expanding flame becomes increasingly fragmented, and consequently, the total burning rate decreases with increasing turbulence.
Furthermore, at an extremely high turbulence level, the ignition kernel quenches at its nascent state and consequently loses its ability to
propagate as an expanding flame.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0018947

Propagation and stability of turbulent flames, which have
immense importance in performance, efficiency, and reliability
of power generating devices, strongly depend on the interactions
between turbulence and flamefront. Such non-linear interac-
tion causes changes in characteristics of flamefront morphology,
which could also lead to critical events like local or global extinc-
tion of the flame, ceasing the operation of the device. Inherent
non-linear coupling between flow and flame chemistry renders
modeling such dynamics of flow-flame interaction complex, and
as such, development of lower order models is necessary. Cellular
automata have been used for modeling the interaction of various
complex systems. In this paper, we introduce a low-order model
based on cellular automata that captures the evolving topology
of an expanding flamefront in a turbulent flow. We show the
qualitative equivalence between the dynamics exhibited by the
model and that was observed from experiments by examining
the multifractal nature of the topology of the flamefront at var-
ious conditions.

. INTRODUCTION

A premixed flame, propagating in a turbulent environment,
undergoes continuous unsteady straining by eddies at various scales,
resulting in wrinkled flamefront and enhanced transport."* The
combined effect alters both global (burning rate, flame morphol-
ogy) and local (flame stretching, extinction, re-ignition) dynamics
of the premixed flame. The local propagation of the flamelets that
collectively constitute the global turbulent flame propagation is sub-
jected to nonlinear effects caused by the inherent unsteadiness in
the flow and front geometry.”* Moreover, enhanced mixing induced
by turbulence can promote or inhibit local flame propagation by
either replenishing or depleting the fresh mixture at the flame-
front. The interaction between flame and turbulence can become
even more complicated if the flame is further subjected to inher-
ent cellular instabilities. Two of the well-known cellular instabilities
are the Darrieus-Landau hydrodynamic instability, which is caused
by the sharp density gradient across the flamefront, and diffu-
sional-thermal cellular instability, which is triggered by stronger
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mass diffusion relative to thermal diffusion in mixtures with sub-
unity Lewis number (Le). Through the generation of cellular struc-
tures and additional surface area, these instabilities can supplement
or negate the effects of turbulence on flame propagation.””'' Owing
to these interactions between the various hydrodynamic and trans-
port effects with the reacting propagating flamefront, turbulent
combustion is inherently complex and challenging to model.

This complexity in the dynamics of a turbulent flame essen-
tially arises from the local interactions in a turbulent reactive field.
In the simplistic sense, a turbulent flame can be described as a col-
lection of flamelets that interact with their neighborhood containing
fluid particles constituting burned or unburned, reactive mixture as
well as other flamelets. Here, a flamelet is a hydrodynamically thin
diffusive-reactive interfacial region within which chemical energy is
converted to thermal energy. The relative distribution of fluid parti-
cles of different dynamic states (such as burned, unburned, burning,
etc.) dictates the local interaction in the reaction field and thus deter-
mines the population dynamics of the flamelets and hence the global
evolution of the flamefront. Such a system wherein local interac-
tions among the constituents of the system lead to emergence of
a global dynamics, also known as a collective behavior, is called a
complex system. Recognizing that other complex systems such as
social networks, global economy, climatic system, school of fish,
ant colony, etc., are often modeled using cellular automata,'” in this
work, we explore the feasibility of adapting such a model to describe
the propagation of turbulent premixed flames.

Cellular automaton is a mathematical machinery that provides
a natural framework to model dynamics of complex systems. In gen-
eral, a cellular automaton consists of a number of cells distributed
in regular or irregular grids, and with each cell assuming a partic-
ular state. Each cell interacts with its neighboring cells following a
set of rules leading to temporal evolution of their states. Such local
interactions cause emergence of the global dynamics in a cellular
automaton akin to the emergence of collective behavior in a complex
system.'”

Cellular automata have been previously used to study combus-
tion systems, *~'" particularly to quantitatively estimate the propaga-
tion speed of turbulent flames using the knowledge of laminar flame
propagation speed. On the contrary, the objective of this study is
to consider a turbulent flame as a propagating front in a complex
system and to develop a low-order model based on the population
dynamics of flamelets, in the framework of a cellular automaton
that qualitatively describes the dynamics of a turbulent flame. Our
focus will be primarily on studying the characteristics of the topol-
ogy of a propagating turbulent flamefront. Although the model can
be extended to other geometries, in this study, we have used an
expanding flame configuration, since it has been extensively stud-
ied experimentally for a wide range of pressures, temperatures, and
turbulence levels.”*'*~*' We will show that this simple model is able
to capture various dynamics reported in experiments conducted on
expanding turbulent flames and also predicts the fractal behavior
exhibited by an expanding turbulent flamefront when subjected to
various levels of turbulence.

In the following, we will first introduce the framework for
the cellular automata based population dynamics model to be
used for propagating turbulent flame in Sec. II. Subsequently, in
Sec. III, we present the key features, flame dynamics, and
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multifractal characteristics of expanding turbulent flames captured
by the model and compare them with the previous experimental
findings.

Il. THE POPULATION DYNAMICS MODEL FOR FLAME
PROPAGATION

In a premixed turbulent flame, the flamelets that constitute the
wrinkled flamefront interact with their surrounding fluid particles
and such local interactions result either in a local propagation or
quenching of the flamelet. The propagation and quenching events
alter both the total population of flamelets in the reaction field
and their spatial distribution, which in turn dictate the instanta-
neous flame propagation speed.”” We define a probabilistic cellular
automaton to model this population dynamics of flamelets in an
expanding turbulent flame. For simplicity, in this study, we consider
a 2D reaction zone containing premixed reactants. The reaction field
is divided into a regular hexagonal grid, where each of the cells of the
grid houses a gas parcel. The length of the side of each hexagonal cell
is land it corresponds to the smallest scale of the flamelets present in
the turbulent reactive flow, which is of the order of the flame thick-
ness. We assume that the gas parcels in each of the cells can be in
either one of three states. State 1: unburned gas parcel; State 2: burn-
ing gas parcel or flamelet; and State 3: burned gas parcel. At time
t = 0, the cells in the entire domain of the hexagonal grid is in State
1, representing a reactive field filled with the unburned combustible
mixture. In the next time step of the cellular automaton, # cells at the
center of the hexagonal grid is transformed to State 2 consisting of
flamelets. This corresponds to the formation of a nascent flame ker-
nel through spark ignition at the center of the domain. In the current
study, » is arbitrarily chosen to be 7. Once ignited, the flamelets at
the center of the hexagonal grid propagate out according to the fol-
lowing rules of cellular automaton. Here, it is noted that the value
of n corresponds to the energy of the ignition kernel created by the
spark generally used for initiation of a premixed flame, and that the
propagation of the flame, once it develops into a stable flamefront,
is insensitive of the value of 7.

The rules for the evolution of the cellular automata are sum-
marized in Fig. 1. A flamelet (State 2) is converted to a burned gas
parcel (State 3) in the next step of cellular automaton, as we would
expect in the case of flame propagation through complete combus-
tion. An unburned gas parcel (State 1) is converted to a flamelet
(State 2) with a probability Q = 1 — P if the unburned gas parcel
is surrounded by at least one flamelet. This rule corresponds to the
process of flame propagation as a result of local diffusion of heat and
reactive species. Here, the probability P is introduced to account for
turbulence in the reaction field. Despite the presence of flamelet in
the neighborhood of an unburned gas parcel, turbulent fluctuations
can introduce high local strain across two gas parcels preventing
flame propagation from the flamelet to a neighboring unburned gas
parcel. Moreover, in such locations where a flamelet fails to prop-
agate into the unburned gas, turbulence can cause unburned gas
parcels to enter into locations where a burned gas parcel is present
and vice versa, with a probability, R. Physically, these two rules intro-
duce events, such as local extinction, re-ignition, and wrinkling of
the flamefronts, which are characteristics of turbulent flames. In
order to simplify the model, for this study, we assumed these two
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FIG. 1. Rules for evolution of the cellular automata. Color codes: blue: unburned; red: burning; and gray: burned.

probabilities to be equal, i.e., R = Q. Rest of the locations where
burned gas parcels are present continue to have a burned gas par-
cel. Note that the wrinkling increases as P increases. The proposed
model only simulates the effect of a front propagation in a turbulent
environment and in its present form does not capture other effects,
such as flamefront instabilities that may cause additional wrinkling
of the flame.

The mathematical algorithm to describe this cellular automata
is defined as follows. We consider A* to be a matrix representing
the grid of fluid parcels at time instant k. In a two-dimensional
grid, AZ represents the state of a fluid parcel at location (i, /) at
time instant k. Note that in this study, the physical position of
(1,j) is appropriately chosen such that fluid parcel corresponding
to Affj is part of a hexagonal grid. Depending on the state of the

fluid parcel at (3, ), Ag, can take three possible values, Aifj =1 for
unburned gas parcel, Affj = 2 for burning flamelet and Affj =3 for
burned gas parcel. Note that these specific values are only represen-
tative and can be chosen differently. Each step of cellular automata
is evolved using the algorithm given in Eq. (1). The algorithm uses
a set of relational operators, explained below. == represents the
operator equal to, where X == a outputs a matrix Y (with same
dimensions as X), in which Y;; = 1if X;; == a, else Y;; = 0. o repre-
sents the Hadamard product operator, such that (X o Y); ;= XijYij.
S[] is a filter operator defined such that S[X == n];; outputs the
total number of neighbors of X;; which has a value equal to 7. In
this work, considering that the grid topology is hexagonal, the six
neighbors of Xt,] are Xi—l,j+1’Xi—1,j) Xi,j—in,j+1>Xi+1,j—1 and Xi+1,j'
Based on these operators, the evolution equation for A* can be
expressed as

A =T+ Ty 4+ T + Ty, (1)

where
T, =3 x (AF ==3), (R1)
T, =3 x (A ==2), (R2)

Ty =2 x (A" == 1) o ('<Q) o (S[AF == 2] > 0), (R3)
Ty =—1x (A*==2)0o (F'<R) o (S[A*==1]>0). (R4)

The term T; corresponds to Rule 1 of cellular automata. The term
T, corresponds to Rule 2, T5 corresponds to Rule 3, and T, corre-
sponds to Rule 4. Here, I is a matrix with dimensions same as that
of A* and each element of which is a random number from 0 to 1
uniformly distributed in that range. An operation I' < 8 outputs a
binary matrix, «, of same dimensions as that of I", such that «; =1
if; < B, else k;; = 0.

The wrinkling of turbulent flames causes the surface area of the
flame to increase proportional to RY, where R is the average radius
of the wrinkled flame (radius of a sphere that has an equivalent
volume as contained within the wrinkled surface of the turbulent
flame) and H is the fractal dimension of the wrinkled flame sur-
face. This power law variation of surface area with R results in R()
varying proportional to #*, fractal excess, where & = 52-.*" In the
present model, each time step of the cellular automaton, dt, results
in the flamelet propagating across a single cell. Each time step, dt,
is a constant and is normalized with the time taken for a laminar
flamelet to travel a distance equal to the laminar flame thickness,
51 So, in order to capture this power law variation of R(f) vs t, we
vary the size of the hexagonal grid, I non-linearly with each time

step dt of the cellular automaton (note that dt is a unit time), such
that] = % x dt = §jet*~". In the model, clearly, « is a function of P.
For simplicity, we consider that for t > 1, @ — 1 = P, and hence for
the laminar case (P = 0), [ = §;. As P increases, [ varies non-linearly
with respect to time so that acceleration of the turbulent expanding

flamefront is captured.
11l. RESULTS AND DISCUSSION

A. Flame dynamics

In this section, we will examine some of the key behaviors of
the expanding turbulent flames, modeled using cellular automata. In
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the low order model introduced in Sec. 11, an increase in turbulence
level of the flow field is captured by increasing P; however, we note
that the dependence between P and U, velocity of turbulent flow
field is not necessarily linear in nature. Recognizing that the propa-
gation and characteristics of expanding flames are highly affected by
the turbulence level, we report its effect on three flame characteris-
tics, namely, flame morphology, flame surface area, and flame speed.
Flame morphology can be extracted by plotting the instantaneous
locations of flamelets (or burning cells) at different time instances
for various turbulence levels or P (Fig. 2). To examine the instanta-
neous flame surface area, we compare the quantity g(f), defined as
the length of the flamefront or the total number of flamelets over
the domain at time step ¢, for various P [Fig. 3(a)]. Since turbu-
lence is intermittent in nature, which introduces fluctuations in the
instantaneous value of q(f), we also evaluate its ensemble average
of (q(t)), whose time derivative, (q(t)), is proportional to the global
flame speed or the burning rate [Fig. 3(b)]. Here, (q(f)) is obtained
by averaging 400 realizations of g(t).

For laminar condition, corresponding to P = 0, the flame is
seen to expand uniformly in all directions [Figs. 2(a)-2(d)]. Since
we have used a hexagonal grid over which the cellular automaton
is defined, and in each step of the cellular automaton, the flame-
front propagates by one grid, the flame assumes a hexagonal shape.
We find q(#) and (q(f)) both change linearly with ¢ and the slope
is six (Fig. 3) for P = 0. Since we have not included any differen-
tial diffusion or Lewis number effect, the propagation speed or rate
of increase in flame surface area is supposed to be constant, which
results in a linear slope.

As we introduce a moderate level of turbulence by increasing P
to 0.45, the flamefront starts to wrinkle due to the effect of turbulent
eddies, which is captured by the model, as seen in Figs. 2(e)-2(h)
for P = 0.45. We observe that inherent “randomness” in turbulence
removes the effect of grid shape, in that the flame loses the initial
hexagonal shape. Due to its inherent spatial intermittency, introduc-
tion of turbulence also induces strong fluctuations in g(t) (Fig. 3),
which, however, vanishes for the ensemble quantity, (q(¢)) (Fig. 3).
Itis noted that (g(#)) for P = 0.45 is higher than that of P = 0 for any
time instance, which is caused by the augmented flame surface area
due to wrinkling. For laminar (P = 0) and turbulent (P = 0.45) con-
ditions, one can further compare the slope of (q(f)) and d{q(t)}/dt,
which is equivalent of the burning rate. The curves in Fig. 3(b)
clearly show that d(q(t))/dt for P = 0.45 is higher than that of the
laminar case (P = 0), suggesting enhanced flame speed due to tur-
bulence. Moreover, for the turbulent condition P = 0.45, the slope
of the curves seems to increase with time, suggesting an acceleration
of turbulent expanding flame as it propagates. Both these obser-
vations corroborate observations from numerous experiments.””**
On further increase in the turbulence level or P, at P = 0.53 the
flamefront starts becoming disconnected [Figs. 2(i)-2(1)]. This is an
artifact of local extinction pertaining to stronger flame straining.
As a consequence of these random local flame holes or extinc-
tions and subsequent re-connections or re-ignitions, we observe
larger fluctuations in q(f) at P = 0.53 compared to those for the
lower level of turbulence at P = 0.45 [Fig. 3(a)]. Furthermore, the
intermittent occurrence of flame holes reduce the average burn-
ing rate causing the average slope of (q(t)) vs t for a given ¢ to
reduce.

ARTICLE scitation.org/journal/cha

As turbulence is increased further, at P = 0.54, the expand-
ing flame starts to fragment into multiple disconnected flamefronts
[Figs. 2(m)-2(p)] as occurrence of local extinctions become higher
due to increased local straining. The increased level of turbulence
also causes the active flamefronts to become extremely wrinkled.
We observe that the fluctuations in g(f) reduce compared to that
for P = 0.53 [Fig. 3(a)], owing to reduced probability of flame prop-
agation (1 — P) and the increased number of flame holes compared
to lower turbulence levels. Turbulence induced local quenching and
fragmentation of the flame leading to weakened burning is reported
in Yang et al® At very high turbulence levels, the local quenching
can lead to global extinction of the flame.

At P = 0.55, the turbulence is high enough to quench the flame
at its nascent state [Fig. 2(q)-2(t)]. Correspondingly, we can see that
the () fluctuates and then goes to zero [zoomed in view in the
inset of Fig. 3(a)]. Also, the ensemble averaged flamelet population
(q(t)) shows an initial increase and eventual decay to zero [zoomed
in view in the inset of Fig. 3(b)]. Such quenching of flame kernels
after ignition was reported in experiments by multiple groups.”*—"

B. Fractal analysis

The dynamics and propagation of a flame is largely governed
by the topology of the flamefront. Recognizing that turbulence
inherently exhibits fractal behavior, the topology of an evolving
flamefront in a turbulent flow field is often characterized by its frac-
tal characteristics.’’*”> However, in cellular automaton, turbulence
is modeled using a the probability of flame propagation that has a
Gaussian white noise distribution and by definition is not necessar-
ily fractal in nature. Emergence of fractal topology in the turbulent
flamefront obtained from this model would imply that such a low-
order description can capture the proper description of turbulent
flame propagation and as such can be used as a low-order model
to study certain aspects of turbulent flames. To assess the complete
scaling behavior of the system, we construct a multifractal spectrum
corresponding to the simulated flamefront topology reported in
Sec. 111 A. The complete description of multifractal models in lights
of an expanding turbulent flame can be found in Saha et al.”” Here,
we briefly summarize the important variables. Multifractal spectrum
or singularity spectrum of a fractal function, g(x), describes the com-
plete set of fractals that constitute the function g(x).”* Multifractal
spectrum f(«r) of g(x) is the Hausdorff dimension for the manifold
formed by all x, which has a singularity of «. Here, f(«) is also known
as the singularity strength. In this study, we estimate the multifractal
spectrum using the box-counting method.”

Figure 4(a) shows the multifractal spectrum for the flamefront
with an average radius, R = 25 for single realizations of expand-
ing flamefronts obtained for different values of P. R for the cellular
automata model is estimated as the average distance of flamelets
from the center of the grid normalized with the grid size. When
P =0, the flamefront is hexagonal in nature and hence not fractal.
For small turbulence levels corresponding to P = 0.10, the multi-
fractal spectrum has a finite width. The finite width of the multi-
fractal spectrum is indicative of the wrinkling of the flame surface
and the presence of multiple fractal scaling in the topology of the
flame. As the turbulence level increases, for P = 0.45, the multifrac-
tal spectrum width increases and the spectrum moves to the right
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FIG.2. Expanding flame at different levels of turbulence (represented by P) is shown in different rows. Different column represents different time instants during the expansion
of the spherical flame. (a)—(d) corresponds to P = 0, i.e., laminar conditions. (€)-(h) corresponds to P = 0.45, Here, the turbulence causes the flamefront to wrinkle. (i)-(1)
corresponds to P = 0.53; due to increased turbulence, the flame develops intermittent flame holes and is highly wrinkled. (m)—(p) corresponds to P = 0.54. The flame is
fragmented leading to disconnected flamefronts. (q)—(t) corresponds to P = 0.55. Here, the very high turbulence causes the flame to extinguish at nascent stage.
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FIG. 3. (a) Flamelet population q(t) with time for different values of P for one realization. (b) (q(t)), the ensemble average of q(t) for different values of P. (q(t)) is obtained
by averaging q(t) over 400 realizations. Note that here t represents the temporal steps of the cellular automaton and, hence, has an arbitrary unit.

top corner. This is indicative of an increase in the fractal dimension
of the flame due to enhanced wrinkling of the flame surface and an
increase in the range of singularities in the topology of the flame. The
increase in the width of multifractal spectrum implies that additional
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scales have been added to the process of flame wrinkling, while the
movement of the spectrum toward right suggests that the new fractal
scales that were added to the topology have higher fractal dimension
and, hence, increasingly more finer wrinkles. Similar observations
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FIG. 4. (a) Multifractal spectrum corresponding to flamefronts for which R = 25 for different values of turbulence levels (P) obtained from the cellular automata model.
(b) Multifractal spectrum corresponding to expanding flames with R = 9.5 mm obtained from experiments.
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FIG. 5. (a) Schematic of the experimental setup used for studying turbulent expanding flame.”’ (b) A typical Mie-scattering image and detected flame edge.

have been reported in experiments by Saha et al”’ They showed
that as turbulence intensity is increased, the multifractal spectrum
representing the topology of the flame shifts to the right and the
spectrum width increases. However, since they were using multifrac-
tal detrended fluctuation analysis, they were not able to capture the
increase in the singularity strength of the spectrum as the turbulence
level was changed. In the present study, we use the box count-
ing method to obtain the multifractal spectrum of the flamefront.
Hence, we are able to capture both the change in the multifractal
spectrum width and the change in the range of singularity strength
of the spectrum for the topology of flame surface as the turbulence
level is varied.

In the model, we see that when the turbulence level is further
increased, at P = 0.53, both the width of the spectrum and the max-
imum singularity strength in the spectrum, max(f(cr)) reduces. This
is caused by local extinction, flame holes, and resultant reduction in
the average burning rate at higher turbulence level as seen in Figs. 2
and 3. Further increase in P causes the flame to fragment into mul-
tiple disjoined flamefronts causing further reduction in the range
of singularity strengths and range of singularities that describe the
flame topology. The multifractal spectrum also shifts to the left indi-
cating a reduction in small wrinkles in the flame topology. Beyond
this turbulence level, the flame extinguishes in its nascent stage.

To qualitatively compare the fractal dimensions of the flame-
front based on our model, we analyzed the data from experiments
reported in Saha et al.”’ These experiments were conducted in a
dual-chambered vessel in which the propagation of a spark-ignited
expanding flame can be studied under constant pressure.”” In the
experiments, the flame propagated in a nearly isotropic homoge-
neous turbulent flow field, which was generated by four orthogo-
nally located continuously rotating fans.””’ Before the experiment, a
mixture of methane (CH,) and air with appropriate proportions was
introduced into the chamber to obtain a mixture with an equivalence
ratio of 0.9. The mixture was further seeded with micrometer-sized

DEHS droplets. A high-speed Nd-YLF laser along with relevant
optics was used to generate a thin 2D laser sheet at the center of the
chamber. A high-speed camera synchronized with the laser pulses
was used to capture the Mie-scattering images from the droplets,
which evaporate near the flame edge leaving a trace of the flame-
front. Using these high-speed images, evolution of the flamefront of
the expanding flame propagating in turbulent environment could be
studied. The experimental setup and a sample Mie-scattering image
are shown in Fig. 5. The Mie-scattering images were analyzed using
the box-counting method to obtain the multifractal spectra.

Here, we consider flames at two turbulence levels, the
lower one corresponds to a fan rotational speed of 2000 RPM
(Uyms &~ 1.17 m/s) and the higher one corresponds to a fan rotational
speed of 4000 RPM (U,,,s &~ 2.34m/s). The fractal characteristics
of these expanding flames are then compared for similar radius,
R ~ 9.5mm and shown in Fig. 4(b). For experiments, R is the radius
of a circle that encompasses the same area as enclosed by the fractal
flamefront. The multifractal spectrum obtained from the experi-
mental data is indeed qualitatively similar with that from the model.
Specifically, we observe that the multifractal spectrum from experi-
ments with higher turbulence level has a higher maximum value and
is shifted to the right, as it was the case for data based on the model.

IV. CONCLUSIONS

We introduced a probabilistic cellular automaton to model the
population dynamics of flamelets in a turbulent field. The model
was able to qualitatively reproduce various dynamical aspects of an
expanding turbulent flame. It was seen that a moderate increase in
turbulence leads to an increase in the average burning rate accom-
panied with the wrinkling of flamefront. When turbulence was
increased beyond a certain limit the flame exhibited flame holes and
the average burning rate reduced. Further increase in turbulence led
to the fragmentation of the flame and at highest turbulence levels,
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the flame extinguished in its nascent state. The model was also able
to capture the multifractal characteristics of the turbulent flames,
suggesting that such models could be used as low-order models for
describing the spatiotemporal dynamics of turbulent flames.

We end this exposition by acknowledging that the proposed
model based on cellular automata does not directly involve the gen-
eralized combustion equations used for premixed flames. However,
the four rules that we used to construct the proposed model include
the elements of transport and propagation of the flamefront and its
interaction with the neighboring fluid elements. It can be shown that
such cellular automata can be analogous to level-set based formula-
tions, such as well-known G-equation, used in combustion, albeit
with its inherent simplicity and assumptions.
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