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Although a number of experiments and numerical simulations indicate persistence of flame instability
effects in turbulent premixed flames, the exact domain of influence of these instabilities remains unknown.
In this study, a simple estimate of that domain is obtained by comparing a characteristic flame stretch due
to flame instabilities, K;, with a characteristic flame stretch due to turbulent eddies, K. The resulting
criterion, (K¢/K;) = 1, shows that instability effects are promoted by: small values of the ratio of turbulence
intensity divided by the laminar flame speed (u'/sy); large values of the ratio of integral length scale divided
by the laminar flame thickness (I/l}) (given that (I/l;-) > 10); large values of the heat release factor t; large
positive values of the flame Richardson number Ri (Ri measures buoyancy effects and is positive when the
corresponding flow acceleration is directed from the fresh mixture to the burnt gas); small values (below
one) of the flame Lewis number Le.

Direct numerical simulations (DNS) are used to test the validity of the theoretical criterion. The nu-
merical configuration corresponds to three-dimensional premixed flames propagating into a temporally
decaying turbulent flow. The simulations are limited by DNS constraints to small length scale ratios, (I/
lg) = 10; they use Le = 1 and correspond to different values of (u'/sy,), 7 and Ri. Due to the turbulence
decay, all simulated flames with 7 # 0 and Ri = 0 undergo a transition from turbulent to unstable flame
surface dynamics. The DNS values of (K/K;) at transition time are found to be of order one and are in

good agreement with the theoretical predictions.

Introduction

The classical stability theory of laminar flames re-
veals that the propagation of a premixed flame front
has a marked tendency to become unstable [1-5].
The instability mechanisms are of several types: gas
expansion effects are responsible for the hydrody-
namic Darrieus—Landau instability; buoyancy effects
are responsible for the Taylor instability; molecular
diffusion effects are responsible for the diffusive-
thermal instability. Laminar premixed flame insta-
bilities are promoted by: (1) large values of the heat
release factor, T = (T, — T,)/T,, where T, (Ty,) is
the unburnt (burnt) gas temperature; (2) positive
values of the flame Richardson number, Ri = (I' Dy/
zst), where I is the amplitude of an externally im-
posed acceleration field (for instance, gravity), with
I > 0 when directed from the fresh mixture to the
burnt gas, and where Dy, is the thermal diffusivity
and sy, the laminar flame speed; (3) small values (be-
low one) of the flame Lewis number, Le = (Dy/D),
where D is the mass diffusivity of the deficient re-
actant. Unstable flames propagating in uniform lam-
inar flows feature unsteady flame front motions,
flame surface wrinkling and overall flame speeds
larger than sy.

For premixed flames propagating in turbulent
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flows, flame instability effects combine with effects
due to the turbulent motions. The coupling between
the flame and turbulence dynamics has been de-
scribed using asymptotic theory in a series of related
studies [6-8]. These studies indicate that turbulent
flame propagation depends on both the incoming
flow properties and the stability properties of the
wrinkled laminar flame surface. For instance, the
turbulent flame speed is found to be a function of
both turbulent scales and flame parameters like 7,
Ri, and Le. These analytical studies, however, are
restricted to intrinsically stable flames that are line-
arly perturbed by weakly turbulent flows. The re-
striction to stable systems and linear dynamics ex-
plains why basic results from laminar flame stability
theory are not easily incorporated into statistical
models of turbulent combustion. In turbulent com-
bustion models, whereas the effects of diffusive-
thermal phenomena are sometimes included (see,
for instance, Ref. [9]), the effects of the Darrieus—
Landau instability are usually neglected.

This situation is far from satisfactory as experi-
ments [10,11] and numerical simulations [12-15] in-
dicate persistence of flame instability effects in tur-
bulent flames, at low or high Reynolds numbers, and
thereby shed a critical light on the traditional as-
sumption that turbulent fluctuations have sufficient
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energy to overpower flame instabilities. A critical
evaluation of this assumption can be found in recent
studies by Cambray and Joulin [16] and Paul and
Bray [17]. The numerical and analytical study by
Cambray and Joulin removes the restriction of pre-
vious theoretical work to stable flames and linear dy-
namics and thereby provides new valuable infor-
mation for statistical models. It provides in particular
a unique description of the characteristic length
scale of flame surface wrinkling in the fully devel-
oped nonlinear regime reached by unstable (weakly)
turbulent flames. This description is used in Ref.
[17] to incorporate full flame instability effects in a
modified flame surface density model. Preliminary
results from the model suggest that flame instability
effects are important under low-intensity turbulent
conditions, (u'/sy,) < 1, where u’ is the turbulent rms
velocity. Although (u'/sy,) < 1is a valuable first-order
estimate of the domain of influence of flame insta-
bilities in turbulent premixed combustion, it clearly
does not account for the effects of turbulent length
scales or flame parameters like 7, Ri, and Le. The
exact domain of influence of flame instabilities re-
mains unknown.

The objective of this paper is to provide an esti-
mate of that domain. This estimate is based on the
modeling strategy proposed by Paul and Bray [17]
as well as closure models to measure flame stretch
due to flame instabilities, K;, and flame stretch due
to turbulent eddies, K,. The domain of influence of
flame instabilities corresponds to the simple crite-
rion (K¢/K;) = 1 and is presented in the next section.
Direct numerical simulation (DNS) of premixed
flames in isotropic turbulent flow are then used in
the remainder of the paper to test the new criterion.
The DNS database corresponds to various values of
(u'/sy), T, and Ri.

Theory

The present theory is based on the classical fla-
melet description of turbulent flames as thin sur-
faces separating fresh reactants and burnt products,
and a model description of the different contribu-
tions to flame surface wrinkling. A convenient
framework to study flame wrinkling is the exact evo-
lution equation for the flame surface density X
[18,19]. In the present work, we choose to consider
the coherent flame model (CFM) based on a mod-
eled formulation of the X-equation [20-22]:
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where ; is the Favre-averaged flow velocity, D, a
turbulent diffusivity, K the total flame stretch, ¢ the
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Reynolds-averaged reaction progress variable, and «
and f are model constants. The three terms on the
right-hand side of equation 1 correspond respec-
tively to transport of 2 by the turbulent fluctuations,
production of X' by flame stretch, and dissipation of
2 by flame propagation effects. The production term
can be decomposed into two components [17]: a first
component that accounts for flame instability effects
and a second component that accounts for straining
due to the turbulent motions, KX = aKZX +
aK.Z. The turbulent component of flame stretch K,
has received a lot of attention in the literature be-
cause this component is responsible for flame sur-
face augmentation by turbulence. In CFM, K, is

written as:
12
&
K = (—) Vk 2)
v

where ¢ is the mean (Favre-averaged) rate of dissi-
pation of turbulent kinetic energy, ¢ = 0.42 (k¥%/1,),
with k the mean turbulent kinetic energy, k = 1.5u'2,
and [, the integral length scale of the turbulent flow,
and where v is the kinematic viscosity and y; a model
function proposed by Meneveau and Poinsot [24].
In Ref. 24, y, is described as a function of the relative
flow to flame velocity and length scale ratios, (u'/sy)
and (l/ly), where I = (Dg/s;) is the laminar flame
thickness.

The flame instability component of flame stretch
K; is more difficult to model. Following Paul and
Bray [17], we first consider the approximation pro-
duction = dissipation in equation 1 and find an al-
gebraic closure expression for 2

@ Ke(l — ¢
B SL

We also use the Bray—Moss-Libby (BML) relation
[23] between the flame surface densAity and the char-
acteristic length scale of wrinkling L,
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where g is a model constant and Gy is the flamelet

orientation factor, also assumed to be a constant.

When equations 3 and 4 are combined, a simple re-

lation between flame stretch and length scale of
wrinkling is obtained:

K=ak (5)

L

v

where a = (gﬁ/aya). Equation 5 is used in Ref. [17]
to translate the results of Cambray and Joulin [16]
into a model for flame stretch due to flame instabil-
ities. A similar strategy is adopted here. In the lim-
iting case of low-intensity turbulence, (u'/sy) - 0,
equation 5 becomes
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F1c. 1. Limit of the domain of influence of flame insta-
bilities in a turbulent combustion diagram parametrized by
(l/lp, u'/sy) (Eq. 8). The limit is plotted for different values
of 7, Ri and Le. Also plotted are the time evolving condi-
tions of the present direct numerical simulations (Table 1).

K =ak (6)

where L., is the length scale of wrinkling studied in
Ref. [16{. Now, although an elaborate model for L,
is proposed by Cambray and Joulin, an important
result is that this length scales like the marginally
stable wavelength A, of the linearized unforced
flame stability theory. It then follows that a simple
estimate of K; is

SL
K; a Y (7)
where 4, is a known function of flame parameters
like 7, Ri, and Le, as given in Ref. [3].
Finally, combining equations 2 and 7, the domain
of influence of flame instabilities can be estimated
by the following condition:

Kt B u/ 3/2 <Zt>—l/2 (An)
kool () (F)asr o

where A = (0.4221.5%4)/(aPr'2) and Pr is the
Prandt] number. The criterion (K/K;) = 1 is plotted
in Fig. 1 in a classical diagram for turbulent pre-
mixed combustion. The model constants are a =
21,p=1¢g= 15, 6, = 0.7, Pr = 0.75. Consistent
with previous results [16,17], instability effects are
promoted by small values of (u'/sy). The limit be-
tween unstable and turbulent flames also depends
on (I/lg). As (I/ly) - ©, y. - 0.28 [24], and the limit
becomes a straight line in the log-log plot with a
slope 1/3. As (I/lg) — 0, y, takes decreasing values
[24] and the instability domain becomes significantly
larger. In Fig. 1, the criterion is also plotted for dif-
ferent values of 7, Ri, and Le. Consistent with results

n
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from flame stability theory [1-5], instability effects
are promoted by large values of 7, large positive val-
ues of Ri, and small values of Le.

DNS of Stable/Unstable Turbulent Flames

Numerical Methods and Configuration

The simulations use a three-dimensional, com-
pressible Navier—Stokes solver. The solver features
a high-order finite difference scheme that is sixth-
order accurate in space [25] and third-order accurate
in time; boundary conditions are specified with a
method proposed by Poinsot and Lele [26]. The
chemistry model is a single-step, irreversible chem-
ical reaction where the reaction rate depends expo-
nentially on temperature (Arrhenius kinetics). The
nondimensional reaction rate is written as [15]:

—Ze(l1 — O
ar = BpYg exp (—1 — ",<1(1 — 9))) (9)

where p is the mass density, Yy the reactant mass
fraction, and @ the reduced temperature, @ = (T —
T /Ty, — T,). The coefficients B, y, and Ze are,
respectively, the reduced preexponential factor; the
modified heat release factor, y = t/(t + 1); and the
reduced activation energy, Ze = y(T,/T,), with T, the
activation temperature. In the present simulations,
Ze = 8.0, whereas B and y take different values (Ta-
ble 1). The values of B are chosen so that s, remains
constant throughout all simulated cases. Also, Pr =
0.75 and Le = 1.

The computational configuration corresponds to a
premixed flame embedded in a three-dimensional,
decaying, isotropic turbulent flow. It is identical to
the configuration studied by Veynante and Poinsot
[27] (see also Ref. [15]). The calculations are initial-
ized with fresh reactants on the left-hand side of the
domain (x; < 0) and burnt products on the right (x;
> 0); the two are separated by a plane laminar flame.
Isotropic turbulence is initially specified according
to a model energy spectrum. The left- and right-
hand sides of the computational domain are inflow
and outflow boundaries, whereas periodic boundary
conditions are applied at lateral walls. Note that no
turbulence is generated at the inflow boundary, and
the simulations are time evolving rather than space
evolving. For cases with Ri # 0, a body force term
corresponding to a constant acceleration is included
in the momentum and energy equations [27].

Values of the run parameters are reported in Table
1. At time ¢ = 0, the turbulence is characterized by
moderate (cases A-F) or high (cases G-L) turbu-
lence intensities and length scales that are slightly
larger than the flame thickness. Because the present
simulations feature decaying turbulence, the DNS
characteristics are time evolving: they are repre-
sented by line segments in Fig. 1. Typically, at time
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TABLE 1
Dimensionless parameters for the simulations

Case B T Ri u'/Sy, 1/lg Re, /4, /7 K/K(t = t,)
A 38.0 0.5 0.0 4.0 3.3 18.0 0.07 4.1 2.0
B 93.2 2.0 0.0 4.0 3.3 18.0 0.12 2.8 1.6
C 166.0 4.0 0.0 4.0 3.3 18.0 0.13 2.1 1.8
D 238.7 6.0 0.0 4.0 3.3 18.0 0.13 1.8 2.0
E 238.7 6.0 1.0 4.0 3.3 18.0 0.27 1.4 1.1
F 238.7 6.0 —-1.0 4.0 3.3 18.0 na na —
G 38.0 0.5 0.0 10.0 3.3 45.0 0.07 no —
H 93.2 2.0 0.0 10.0 3.3 45.0 0.12 no —
I 166.0 4.0 0.0 10.0 3.3 45.0 0.13 6.7 3.3
] 238.7 6.0 0.0 10.0 3.3 45.0 0.13 5.6 3.6
K 93.2 2.0 6.0 10.0 3.3 45.0 0.45 6.6 1.0
L 93.2 2.0 —6.0 10.0 3.3 45.0 na na —

The reduced preexponential factor B is made nondimensional by the laminar flame time (Dy,5%,). Reported values of
(u'/sy), (l/lg), Re, = (u'l/v) and (I/4,) correspond to initial conditions. In the first and second from last columns, na

stands for not applicable and no for not observed.

T T T T

o—@ 1=0.5 (case A) —
&—=u 1=2.0(case B)
&——h 1=4.0 (case C)
*+——* 1=6.0 (case D)

Total reaction rate

0.0 10 20 a0 20 5.0 6.0
time
FIG. 2. Effects of gas expansion on the overall reaction
rate (cases A-D). The overall reaction rate {(®p) is made
non-dimensional by its initial value corresponding to a
strain-free, plane laminar flame. Time is made non-dimen-
sional by the initial turbulent eddy turnover time 7.

t/tg = 4, where 7 is the initial turbulent eddy turn-
over time, (u'/sp) has decreased by a factor of 3,
whereas (I/lr) has slightly increased. Note that [ is
initially nine times smaller than the size of the (cu-
bic) computational domain. Note also that the as-
sumption of large length scales used in flame stability
theory is not satisfied in the DNS ({/4,, < 1). The
limitation to small eddy sizes is due to the severe
resolution requirements associated with DNS [28].
In the present work, the grid spacing is uniform and
the resolution is 1505.

*—® Ri=+1.0 (case E)
0.0 (case D)
A— Ri=-1.0 (case F)

Total reaction rate

FIG. 3. Buoyancy effects on the overall reaction rate
(cases D-F). The overall reaction rate {cg) is made non-
dimensional by its initial value corresponding to a strain-
free, plane laminar flame. Time is made non-dimensional
by the initial turbulent eddy turnover time 7.

Results

The simulations describe the wrinkling of the
flame surface by turbulent motions as well as by pos-
sible instability effects. Figs. 2 and 3 present typical
time evolutions of the overall reaction rate, {(Gp)(t)
= ([ dg(x;, t)dV)/V, where V is the volume of the
computational domain. Such variations are related
to modifications of the total flame surface area [13—
15]. One may distinguish three phases in Figs. 2 and
3: (1) a transient phase (t/ty = 2) where the turbu-
lence wrinkles the initially flat flame surface; (2) a
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FIG. 4. Snapshot of the flame surface contour (¢ = 0.8)
at time t/t, = 4.75. Case E (r = 6.0, Ri = 1.0). The flow
is from bottom-left (reactants) to top-right (products).

FIG. 5. Snapshot of the flame surface contour (¢ = 0.8)
at time t/ty = 4.75. Case F (r = 6.0, Ri = —1.0). The
flow is from bottom-left (reactants) to top-right (products).

turbulent phase where the flame and flow are in
equilibrium and the flame surface becomes
smoother in response to the turbulence decay; and
(3) a stable/unstable phase where, depending on the
values of 7 and Ri, the flame surface area either re-
laxes to its initial state (case F) or keeps increasing
in time without saturation (cases B-E). In cases B—
E, whereas saturation of {(@g)(t) might be expected
at later times, the simulations are limited by the size
of the computational domain, and this subsequent
phase is not observed. The simulations, however, in-
dicate that saturation will not occur on a timescale
characteristic of the turbulence. In that sense, the
flames in cases B-E can be qualified as unstable.
Also, although a transition to a stable/unstable phase
is not observed in case A of Fig. 2, it was determined
using a second longer DNS run that case A features
a sudden increase in overall reaction rate after t/z,
~ 6. Thus, all simulated flames with 7 # 0 and Ri
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= 0 are found to undergo a transition to unstable
behavior.

Figure 2 gives a good illustration of the rich variety
of observable effects in the DNS. For instance, the
effects of 7 on the overall reaction rate are reversed
in the turbulent and unstable phases of the simula-
tions. In the unstable phase, consistent with results
from flame stability theory [1-5], large values of ©
promote the onset of the Darrieus—Landau instabil-
ity and tend to increase {cg). On the contrary, in the
turbulent phase of the simulations (at earlier times),
large values of 7 tend to decrease the flame surface
wrinkling and turbulent flame speed. It is worth em-
phasizing that this apparent turbulent effect of  on
the overall reaction rate is at odds with the BML
theory [29]. To date, it remains unexplained. Con-
sistent with BML predictions, large values of 7 are
found to promote countergradient diffusion in the
turbulent transport of mean reaction progress vari-
able [29,30]. However, whereas countergradient dif-
fusion effects might account for modifications in the
turbulent flame structure, such modifications are not
expected to lead to changes in the turbulent flame
speed when Ri = 0 [29]. The discrepancy between
the DNS results and BML predictions illustrated by
Fig. 2 is an interesting finding of the present study.
It is somewhat beyond the scope of this paper and
will be addressed in future work.

In contrast to the conflicting effects of 7, the tur-
bulent and unstable effects of Ri have a similar in-
fluence on the overall reaction rate (Fig. 3). This
influence is consistent with predictions from both
the BML [31] and the laminar flame stability [1-5]
theories. Positive (negative) values of Ri promote
gradient (countergradient) turbulent scalar transport
[31,27] as well as unstable (stable) buoyancy effects
[1-5] and lead to increased (decreased) flame sur-
face wrinkling. In fact, the differences between Tay-
lor stable and Taylor unstable systems are so pro-
nounced that they can easily be observed in the
simulations by comparing instantaneous snapshots of
the flame surface (Figs. 4 and 5).

Further evidence of a transition in the simulations
from turbulent to intrinsic flame dynamics is pre-
sented in Figs. 6 and 7. These figures show a com-
parison between a characteristic strain rate of the
turbulent flow ay; and a characteristic flame stretch
K,. Following Yeung et al. [32], ay; = 0.28 (e/v)'2,
which corresponds to the mean strain rate acting on
a material surface in isotropic turbulence. Also, K,
= [ xp(ic)dr, where p(x) is the probability density
function of flame stretch «. p(x) is readily obtained
from the simulations [15] and K, gives a simple es-
timate of the mean rate of flame surface production.
In a stationary flame, positive stretch values contrib-
uting to K, are exactly balanced by negative stretch
values, and the net effect on the flame surface is
zero. Furthermore, according to Ref. [24], in situa-
tions where the flame wrinkling is controlled by the
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FI1G. 6. Comparison between the characteristic strain
rate of the turbulent flow ay; and the characteristic flame
stretch K, (cases A-E). All quantities are made non-di-
mensional by the initial turbulent eddy turnover time 7.

1.0 T T T T

—— 1=0.5 (case G)
a—=a 1=2.0(case H)
a——a 1=40(case I)
*—¥ 1=6.0(case J)

F1G. 7. Comparison between the characteristic strain
rate of the turbulent flow ay; and the characteristic flame
stretch K, (cases G-J). All quantities are made non-di-
mensional by the initial turbulent eddy turnover time 7.

turbulent eddies, the rate of production of flame sur-
face area is always less than the rate of production
of material surface area, K, = ay;. Figs. 6 and 7
show that due to the turbulence decay, this relation
only holds for a limited time in the simulations.
Flame-flow conditions where K, = ay; indicate tran-
sition to an unstable regime where flame stretch be-
comes unrelated to the turbulent velocity field and
where the flame wrinkling is controlled by intrinsic
flame dynamics. The condition (K, /ay;) = 1 is con-
veniently used to estimate when the transition oc-
curs. Consistent with previous observations, large
values of 7 and positive values of Ri produce strong
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flame instabilities and promote an early transition
(Fig. 6), whereas large values of (u'/sy) produce
strong turbulent effects and delay the transition (Fig.
7). Values of the transition time ¢, are reported in
Table 1.

These results can also be used for a quantitative
test of the theoretical criterion in equation 8. Each
case in the DNS database is probed to determine if
and when transition to unstable flame dynamics oc-
curs in the course of the simulations (t/z, < 7). Note
that the definition of ¢, is believed to be inadequate
to the analysis of stable systems and is not used for
cases I and L where Ri < 0. For the other cases,
the value of (K/K;) is computed at time ¢ = ¢; and
reported in the last column of Table 1. It is found
that consistent with the theoretical predictions of
equation 8, transition from turbulent to unstable
flame behavior is observed in the DNS for values of
the stretch ratio of order one, 1.0 = (K/K,) (t = t;)
= 3.6. These values, however, are higher than one,
which suggests that the theoretical criterion under-
estimates the domain of influence of flame instabil-
ities. Also, there is some scatter in the values taken
by (K¢/K;) (t = #;). Given the uncertainties associ-
ated with the definition of ¢, this scatter is difficult
to interpret and is deemed acceptable.

Conclusion

A model description of the different contributions
to flame surface wrinkling is used in this study to
propose a simple criterion that estimates the domain
of influence of flame instabilities in turbulent pre-
mixed combustion (equation 8). This criterion sug-
gests that the occurrence of flame instabilities in tur-
bulent configurations is determined by the relative
flow to flame velocity and length scale ratios, (u'/sy)
and (I/ly), and by flame parameters like 7, Ri, and
Le. Note that based on this criterion, and consistent
with some experimental results [10,11], flame insta-
bilities are predicted at high turbulent Reynolds
numbers.

Direct numerical simulations (DNS) of premixed
flames in decaying turbulence are then used to test
the theory. It is found that due to the turbulence
decay, all simulated cases undergo a transition to sta-
ble or unstable flame behavior. In particular, all cases
with 7 # 0 and Ri = 0 become unstable. The DNS
database provides a good illustration of the many
different dynamical effects associated with gas ex-
pansion or buoyancy. In the turbulent phase, large
values of 7 (large positive values of Ri) promote
countergradient (gradient) diffusion of mean reac-
tion progress variable and tend to decrease (in-
crease) the flame surface wrinkling. Although the
turbulent effect of Ri on the overall reaction rate is
consistent with the BML theory, the apparent tur-
bulent effect of ¢ remains inconsistent and unex-
plained. In the unstable phase of the simulations,



FLAME INSTABILITIES IN TURBULENT PREMIXED COMBUSTION

consistent with results from laminar flame stability
theory, large values of 7 (large positive values of Ri)
promote the onset of the Darrieus-Landau (Taylor)
instability and tend to increase the flame surface
wrinkling. Finally, the analysis of when transition
from turbulent to unstable flame dynamics occurs in
the DNS produces results that are in good agree-
ment with the proposed criterion in equation 8.

Note also that from a DNS perspective, because
the effects of important parameters like 7 are re-
versed in the turbulent and unstable phases of the
simulations, it is believed that failure to identify tran-
sition from one regime to the other is a potential
source of error and misinterpretation. In fact, the
criterion proposed in this study suggests that flame
instabilities occur over a significant portion of the
domain of flame-flow conditions that can be treated
with DNS.

Nomenclature

Symbols

a model constant, a = (gf/o, )
A model constant, A = (0.42121.5%4)/(aPrV/?)
B reaction rate preexponential factor (equation

9)

c reaction progress variable

D molecular mass diffusivity of deficient reac-
tant

D,  turbulent diffusivity

Dy, thermal diffusivity

g BML model constant (equation 4)

k mean turbulent kinetic energy

K total mean flame stretch

K,  mean flame stretch due to flame instabilities

K,  mean flame stretch due to turbulent eddies

K, mean positive flame stretch, K, = [§ xp(r)dr

ly laminar flame thickness, I = (Dg/s1)

l; turbulent flow integral length scale

L, characteristic length scale of wrinkling (equa-
tion 4)

Le  flame Lewis number, Le = (Dy/D)

p(Q) probability density function of Q

Pr Prandtl number

Re,  turbulent Reynolds number, Re, = (u'l/v)

Ri  flame Richardson number, Ri = (I'Dy/7s?)

s, laminar flame speed

t time

t transition time in the DNS between turbulent

and unstable flame behavior
T fluid temperature
T, activation temperature

u' turbulent rms velocity
u; x; component of the fluid velocity
\% total volume of the computational domain

X; cartesian coordinate component
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Yr reactant mass fraction

Ze  reduced activation energy, Ze = p(T,/T},)

o CFM model constant (equation 1)

p CFM model constant (equation 1)

y modified heat release factor, y = 7/(t + 1)

Ve ITNFS function from Ref. [24]

r amplitude of an externally imposed accelera-
tion field

e mean rate of dissipation of turbulent kinetic
energy

K local flame stretch

A,  marginal wavelength of linear laminar flame
stability theory from Ref. [3]

v kinematic viscosity

@p  reaction rate (mass of reactant consummed
per unit time and per unit volume)

p mass density

2 flame surface density

Gy BML flamelet orientation factor (equation 4)

T heat release factor, t = (T}, — T,)/T,

7 initial turbulent eddy turnover time, 7, = (I/
u')t = 0)

2] reduced temperature, @ = (T — T )T}, —
T.)

Subscripts

b value in the burnt gas

u value in the unburnt gas

Averaging symbols

Q
Y
©)

[Nl

~1

standard ensemble-average

Favre-average, Q = (pQ/p)
volume-average, (Q) = ([ QdV)/V
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