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Abstract 

In this study we numerically investigate large scale premixed flames in weakly turbulent flow fields. A large 
scale flame is classified as such based on a reference hydrodynamic lengthscale being larger than a neutral 
(cutoff) lengthscale for which the hydrodynamic or Darrieus–Landau (DL) instability is balanced by stabiliz- 
ing diffusive effects. As a result, DL instability can develop for large scale flames and is inhibited otherwise. 
Direct numerical simulations of both large scale and small scale three-dimensional, weakly turbulent flames 
are performed at constant Karlovitz and turbulent Reynolds number, using two paradigmatic configurations, 
namely a statistically planar flame and a slot Bunsen flame. As expected from linear stability analysis, DL 

instability induces its characteristic cusp-like corrugation only on large scale flames. We therefore observe sig- 
nificant morphological and topological differences as well as DL-enhanced turbulent flame speeds in large 
scale flames. Furthermore, we investigate issues related to reaction rate modeling in the context of flame 
surface density closure. Thicker flame brushes are observed for large scale flames resulting in smaller flame 
surface densities and overall larger wrinkling factors. 
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Turbulent premixed combustion is a multiscale
phenomenon involving disparate spatial and tem-
poral scales. Indeed the premixed turbulent com-
bustion regime diagram [1–3] distills the essential
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aspects of the flame-turbulence interaction by com- 
paring relevant chemical and turbulent scales. This 
is however performed independently of the experi- 
mental or numerical configuration and, in particu- 
lar, irrespective of whether the flame is constrained 

by a particular experimental device size or a numer- 
ical domain size L , which inherently represents the 
largest hydrodynamic length scale of the flow field 

to which the flame is subject. 
This being said, the question arises as to whether 

the thermochemical properties of the mixture itself, 
ier Inc. All rights reserved. 
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s well as the operating pressure, can introduce and
odulate, in addition to the flame thickness, a fur-

her, larger length scale to be compared to L . This
s indeed the case when considering the linear sta-
ility of a planar premixed flame. Darrieus [4] and
andau [5] original stability analysis ignored dif-

usive effects and found a deflagrative front to be
nconditionally unstable, identifying the so-called
ydrodynamic or Darrieus–Landau (DL) instabil-
ty. Successive studies [6–8] incorporated thermal,

olecular and viscous diffusion within the flame
hickness and found, for Lewis numbers larger than
 critical value, a potentially stabilizing quadratic
erm in the dispersion relation characterizing the
rowth rate ω of a disturbance of wavenumber k .
or disturbances of sufficiently short wavelength,

he DL mechanism is balanced by the stabilizing
echanism of diffusive nature. The cutoff (or neu-

ral) wavelength λc , for which this occurs, thus in-
roduces a mixture-dependent lengthscale which is
enerally far larger than the flame thickness. As a
onsequence, a flame constrained by a domain size
 > λc will be subject to large-scale effects due to

he DL instability which a flame constrained by
maller domains will not experience. 

Recent investigations have revealed a substan-
ial difference in the morphological and propaga-
ive properties of large-scale ( L > λc ) compared to
mall scale flames. The characteristic flame wrin-
ling due to DL instability in large-scale flames
as observed in both laminar and turbulent set-

ings in multiple experimental [9–12] and numeri-
al [13–18] studies. The DL induced morphology
as found to be associated to an increase in flame
rea and to a consequent increase in laminar as well
s turbulent propagation speed. The latter is an ef-
ect which, as observations tend to suggest, is mit-
gated at high turbulence intensity. In this context
e note that direct numerical simulations specifi-

ally devoted to the investigation of large scale ef-
ects and their domain of influence have been so far
imited to 2D configurations, with 3D studies con-
ucted only in a weakly non linear scenario [19,20] .
oreover in a recent review, Sabelnikov and Li-

atnikov [21] conjectured that for an unbounded
tatistically planar turbulent premixed flame, there
xist a hierarchy of ever-growing cutoff wave-
engths with respect to which the flame can be
hought to be hydrodynamically unstable, irrespec-
ive of the thickness of the turbulent flame brush.
his further motivates the investigation of large

cale effects on turbulent premixed flames. 
Drawing from the observations of previous

tudies, this work focuses on relevant features of 
arge scale flames characterized by L > λc , and in
articular how they compare to flames constrained
y a hydrodynamic scale L < λc . To this end we first
nalyze the difference between large scale and high
arlovitz number simulations and secondly we in-

estigate, by means of three dimensional direct nu-
erical simulations (DNS), both large scale and
Please cite this article as: P.E. Lapenna et al., Large sc
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small scale flames using two representative config-
urations, namely a statically planar flame and a slot
bunsen flame. In such simulations the mixture de-
pendent quantities are kept constant in order to
have the same λc and thus to isolate the effects
of L . 

2. DNS of large scale flames 

2.1. Large scale vs high Karlovitz simulations 

Before addressing the features of large scale
flames, it is useful to place them in the context of 
typical turbulent premixed flames and the relevant
length scales that characterize them. To this end we
begin by estimating a characteristic hydrodynamic
cutoff length scale. The most complete dispersion
relation, based on a general two reactant mixture,
was derived in [22] and reads: 

ω(k) = ω 0 S 

0 
L k − D th ω 1 k 

2 = ω 0 S 

0 
L 

2 π
λ

(
1 − λc 

λ

)

(1)

where ω 0 is a function of σ , the unburned
to burned mixture density ratio and ω 1 = B 1 +
Ze (Le − 1) B 2 + PrB 3 , where Ze, Le and Pr are the
Zeld ̀ovich, Lewis and Prandtl numbers and B 1, 2, 3
are functions of σ (expressions can be found in
[22] ). The dispersion relation introduces a cutoff 
wavelength λc = 2 π� D 

ω 1 /ω 0 where � D 

= D th /S 

0 
L is

the diffusive length scale taken as a measure of 
flame thickness, with D th the thermal diffusivity
of the mixture and S 

0 
L the unstretched laminar

flame speed. The cutoff wavelength λc represents
a length-scale dependent on the thermochemi-
cal properties of the mixture as well as pressure
such that an unconstrained flame is hydrodynami-
cally unstable to small perturbations of wavelength
λ > λc . If the flame is constrained by the hydrody-
namic length L , then the flame is unstable to pertur-
bations of wavelength λc < λ < L . The latter insta-
bility condition translates to δ < δc where δ = � D 

/L
is the flame thickness in units of L and δc = � D 

/λc

is a critical nondimensional flame thickness. In a
recent study [17] , the cutoff wavelength λc was esti-
mated for propane-air mixtures using a number of 
available dispersion relations [7,22–24] . All models
showed a moderate dependence of δc from equiv-
alence ratio φ and resulted in an average estimate
λc ≈ 160 � D 

. Other estimates [14,25] using simpler
models with constant transport properties across
the flame, yielded lower estimates of λc ≈ 76 � D 

for
propane-air mixtures ( φ = 0 . 8 ) and λc ≈ 56 � D 

for
hydrogen-air mixtures ( φ = 1 . 0 ). In the context of 
recent experiments of freely propagating flames in
tubes [9,26] , the cutoff wavelength for propane-
air mixtures, inclusive of gravity effects, was esti-
mated as λc ≈ 0.8 ∼ 0.4 cm for φ = 0 . 8 ∼ 1 . 4 , cor-
responding to λc / � D 

≈ 120 ∼ 45. In conclusion, a
ale effects in weakly turbulent premixed flames, 
doi.org/10.1016/j.proci.2018.06.154 
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Fig. 1. Characteristic cutoff wavelength λc estimated nu- 
merically using Eq. (1) as a function of equivalence ratio 
φ scaled in terms of � D 

for various fuels. 

Fig. 2. Representative lengthscales involved in a (A) high- 
Ka and a (B) large scale turbulent premixed flame simu- 
lation. These representative simulations are characterized 
by the same mixture dependent quantities ( λc and � D 

) and 
turbulent Reynolds number but different dimensions of 
both the integral scales � 0 (usually of the order of L ) and 
the Kolmogorov η lengthscales. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 
Mixture related parameters which are common for all the 
simulations presented. 

σ Le Ze Pr δc δT 

3.0 1.2 6.0 0.1 0.0258 0.05 

Fig. 3. Comparison between analytical (solid line) and 
numerical (circles simulations, dash-dotted line parabolic 
fit) dispersion relation. The values of ω( k ) and k are made 
non-dimensional consistently with the dimensionless gov- 
erning equations. 
reasonable estimate of the characteristic cutoff 
wavelength, possibly restricted to near stoichio-
metric hydrocarbon-air mixtures, is λc ≈ 10 2 � D 

as
shown in Fig. 1 . 

It is now of interest to discuss the implications
of the scale estimation λc / � D 

for DNS studies of 
turbulent premixed flames. Large scale flames with
L larger than λc , for which instability effects are
active, given a fixed separation between integral
� 0 ∼ L and Kolmogorov η scales, can hardly be,
concurrently, a flame characterized by an elevated
Karlovitz number (high- Ka ). Figure 2 exemplifies
this scenario by displaying the range of lengthscales
for two DNS of comparable scale separation and
thus turbulent Reynolds number Re 0 , exhibiting,
respectively, high- Ka effects (for which L > λc ) and
large-scale effects due to hydrodynamic instability
(for which � D 

> η). Such effects, therefore, appear
mutually exclusive, so that high- Ka simulations are
relegated to small scale domains (typically smaller
than λc ) and generally high turbulence intensities
whereas large scale simulations (larger than λc ) are
usually devoted to low Ka flames at low turbulence
intensities. The concurrent presence of both effects,
on the other hand, can be achieved only at the cost
Please cite this article as: P.E. Lapenna et al., Large sc
Proceedings of the Combustion Institute (2018), https://
of keeping L fixed and dramatically increasing Re 0 , 
hence reducing η for a given � 0 . 

As an example, taking a representative subset 
of recent high- Ka DNS as a reference [27–29] , it is 
of interest to note that the ratio between L and � D 

for such flames remains quite confined, being re- 
spectively L / � D 

∼ 28 in [27] , L / � D 

∼ 18 in [28] and 

L / � D 

∼ 37 in [29] . Based on the previous estimates 
for λc / � D 

, it is evident that in these simulations large 
scale effects are inherently inhibited. 

2.2. Formulation and DNS setup 

The formulation employed in this work has been 

extensively described in [17] and adopts a one-step 

irreversible Arrhenius reaction model in which the 
reaction rate is determined by a deficient reactant 
Y . The reaction progress variable is therefore de- 
fined as c = 1 − Y . The only difference between the 
formulation used in the present work and [17] con- 
sists in the nondimensionalization, now with re- 
spect to the cut-off wavelength λc , instead of the 
reference hydrodynamic length L , this resulting in 

δc replacing δ in the governing equations reported 

in [17] . The value of δc can be estimated for a par- 
ticular mixture using Eq. (1) . The mixture parame- 
ters used in the present work, defined in a standard 

manner are reported in Table 1 . The Prandtl num- 
ber is chosen as Pr = 0 . 1 in order to limit the dissi- 
pation rate of turbulent fluctuations from the inlet 
to the flame front. The evaluation of δc by means 
of Eq. (1) is numerically assessed by extracting the 
growth rate ω of a small disturbance as a function 

of the wave number k = 2 π/L in a 2D planar pre- 
mixed flame configuration using various domains 
sizes. The comparison reported in Fig. 3 highlights 
ale effects in weakly turbulent premixed flames, 
doi.org/10.1016/j.proci.2018.06.154 
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Fig. 4. Overview of flame morphology and computational domains, from left to right: small/large scale slot bunsen flame 
(SB/LB) and small/large scale statistically planar flame (SP/LP). Panel (a) pdf of the mean curvature K M 

, panel (b) pdf of 
the shape factor SF , both variable are conditioned to c ∗. 
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Table 2 
Configuration, inlet turbulence and relevant non- 
dimensional parameters of the 4 cases presented, 
namely small/large scale slot bunsen flame (SB/LB) and 
small/large scale statistically planar flame (SP/LP). 

SB LB SP LP 

L / λc 0.5 2.0 0.5 2.0 
u rms /S 

0 
L 1.1 1.1 2.2 2.2 

� 0 / λc 0.1 0.1 0.1 0.1 
η/ λc 0.006 0.006 0.003 0.003 
Re 0 = u rms � 0 /ν 42.6 42.6 85.3 85.3 
Ka L = � 2 D 

/η2 0.18 0.18 0.71 0.71 
Plots legend 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 good agreement between asymptotic theory and
he numerical results. 

Four low- Ka direct numerical simulations are
erformed, namely a small/large scale slot Bunsen
ame (SB/LB) and a small/large scale statistically
lanar flame (SP/LP). The investigation is limited
o weak turbulence, for which we expect DL-effects
o be clearly visible and not overwhelmed by tur-
ulent wrinkling. The small scale flames are char-
cterized by domains with reference hydrodynamic
ength of L = 0 . 5 λc while for large scale flames
 = 2 . 0 λc such that they are expected to be hy-
rodynamically unstable. The slot flame configu-
ation consists in a square slot burner of width L
urrounded by a hot coflow with a vertical veloc-
ty chosen in order to avoid shear between the two
treams as described in [17] . A square slot burner
as been chosen so that a single reference hydro-
ynamic length arises. The computational domain
mployed is a box of dimensions L x × L y × L z be-
ng L x = 2 L and L z = L for both the slot flames
hile L y = 2 L for LB and L y = 3 L for SB. Dirich-

et boundary conditions are imposed at the inflow,
 slot bulk velocity U bulk /S 

0 
L = 4 . 4 is chosen with

he superimposition of homogeneous isotropic tur-
ulence (HIT) possessing prescribed u rms /S 

0 
L = 1 . 1

nd � 0 /λc = 0 . 1 . Free-slip boundary conditions are
sed on the lateral side of the domain while out-
ow conditions are imposed at the upper bound-
ry. The statistically planar flame is attained by
eans of an inflow/outflow configuration, in which

ame stabilization is obtained by imposing an in-
ow velocity equal to the instantaneous turbu-

ent burning velocity S T [30] . A rectangular box
f dimensions L x × L y × L z is used, being L x =
 z = L in the x and z homogeneous directions and
 y = 3 L in the propagation direction y . Superim-
osed to the bulk inflow velocity S T , perturbations
Please cite this article as: P.E. Lapenna et al., Large sc
Proceedings of the Combustion Institute (2018), https://
characterized by u rms /S 

0 
L = 2 . 2 and � 0 /λc = 0 . 1 are

added. The imposed HIT perturbations are iden-
tical between the large scale and the correspond-
ing small scale flames. This fact, albeit artificial, al-
lows us to perform a consistent comparison and
to properly isolate large scale effects. Such pertur-
bations have been obtained following [31] as illus-
trated in [32] . The computational domains and in-
stantaneous realizations of a representative isosur-
face c ∗ are displayed in Fig. 4 while configuration
and turbulence parameters are reported in Table 2 .

The simulations are carried out using a low-
Mach number version [17,33] of the massively par-
allel flow solver nek5000 [34] based on the spec-
tral element method (SEM) [35] . The numerical
discretization is uniform and the resolution kept
constant for all of the four cases. Such resolution
was chosen as �E = δT being �E the lateral dimen-
sion of each spectral element and δT the thermal
thickness of a 1D unstrecthed freely propagating
flame, defined as δT = (T b − T u ) / max (d T /d x ) .
The polynomial order N chosen for the
ale effects in weakly turbulent premixed flames, 
doi.org/10.1016/j.proci.2018.06.154 
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approximation of the solution within each ele-
ment is N = 8 , this resulting in approximately 9
grid points within δT . For all the cases investigated,
statistics are collected during a complete flow-
trough time starting sufficiently away from the
initial laminar conditions. Averages in both time
and homogeneous directions ( x and z for the pla-
nar flame and only z for the slot) are denoted by an
overbar · while averages in time only are expressed
as 〈·〉 . In the present work, conditional statistics
are taken at c ∗ = 0 . 64 , which corresponds to the
progress variable value, on the fresh side, at which
the reaction rate � is half of its maximum in the
reference laminar, one-dimensional, unstretched
planar flame. This value can be considered suffi-
ciently close to the peak reaction zone to be used
for a well posed flame characterization [36] . 

2.3. Flame morphology and topology statistics 

A preliminary inspection of the flames in
Fig. 4 reveals that highly curved crests and wide
troughs, which delineate the characteristic DL-
induced cusp-like morphology, are present only
for LB and LP large scale cases. As expected, the
weakly turbulent motions induce the large scale
flames to lose stability while in the small scale cases
stabilizing diffusive effects prevail. In the LP case
the DL-induced cusp-like structures are visible over
the entire flame surface while in the LB case, ow-
ing to the stabilization of the flame imposed by the
slot configuration, the DL-induced corrugation is
seen to develop and grow along the flame sides.
In the small scale SB configuration, on the other
hand, not enough convective time is available for
any hydrodynamic instability to develop. In two
dimensional simulations [17] cusp-like formations
were detected in terms of localized bursts of neg-
ative flame curvature (flame normal oriented to-
ward burnt gases) which they induce, as opposed
to moderately positive curvature values along the
troughs. The skewness of the flame curvature was
thus identified as an unambiguous marker of the
DL-instability presence. In the present three dimen-
sional scenario similar considerations are expected
to hold in terms of the mean curvature, defined as
K M 

= (κ1 + κ2 ) / 2 being κ1, 2 the principal curva-
tures of an isosurface [37] . 

The mean curvature probability density func-
tion (pdf) conditioned to c ∗ is reported in panel (a)
of Fig. 4 for all configurations. Consistently with
classical literature results [38] , the most probable
K M 

value is around zero for all cases. In partic-
ular the pdf’s for the slot flames are easily inter-
pretable, since the LB case shows a negative K M

tail that produces a more negatively skewed pdf 
profile than the SB case, which can be assumed to
statistically indicate the presence of DL-induced
cusp-like structures. Conversely, planar flames re-
quire more care in their interpretation. Indeed, the
inflow/outflow configuration is characterized by a
Please cite this article as: P.E. Lapenna et al., Large sc
Proceedings of the Combustion Institute (2018), https://
significant decay of inflow turbulence in the direc- 
tion of flame propagation in weakly turbulent con- 
ditions [30] . Despite large and small scale config- 
urations being supplied with identical HIT inflow 

perturbations, the SP case experiences a higher tur- 
bulence intensity due to shorter domain in the y 
direction resulting in smaller dissipation and thus 
a wider and symmetric pdf. On the other hand, 
while the LP case experiences a smaller turbu- 
lence intensity, resulting in a narrower curvature 
pdf, such pdf remains largely skewed towards neg- 
ative curvatures due to the presence of DL-induced 

structures. This confirms that in a three dimen- 
sional setting, the skewness of the K M 

pdf distribu- 
tion (skew (K M 

) = −1 . 11 , −1 . 09 , −0 . 07 , −0 . 46 re-
spectively for LP, LB, SP and SB) can still be used 

as a marker for detecting large scale effects which 

are manifested as DL-induced corrugation. 
A useful characterization of the flame topology 

can be given by the pdf of the shape factor SF 

displayed in panel (b) of Fig. 4 where, given the 
two principal curvatures, SF is defined as the ratio 

between the principal curvature of smaller magni- 
tude and the remaining curvature [37] . In the planar 
configuration the DL-induced morphology causes 
a decrease in the probability of a flame topology 
characterized by a negative SF toward the saddle 
regions ( SF = −1 ) and, concurrently an increased 

probability of positive SF values toward spheri- 
cal regions ( SF = 1 ). The most probable topology 
(cylindrical shape SF ∼ 0) remains essentially unal- 
tered. Conversely, in the slot configuration, DL in- 
stability causes a substantial decrease in the prob- 
ability of a flame topology being characterized by 
a cylindrical shape. Indeed the LB case shows an 

almost flat distribution over a wide range of SF 

values which slightly decrease when approaching 
spherical morphologies. 

2.4. Burning velocities and flame surface densities 

The DL-induced morphology described above 
is associated with a flame area increase which 

impacts on the laminar as well as turbulent prop- 
agation speed. Similar topological features can in- 
fluence the flame area, such as unburnt mixture 
fingers [39] which, similarly to DL instability, are 
a manifestation of the interaction between the pre- 
mixed flame and pressure field. However, contrary 
to DL instability, they are not related to λc and L , 
thus they are expected to be present in both large 
and small scale flames and to play a substantial role 
at higher turbulence intensity [21] . 

The impact of the morphological differences be- 
tween large and small scale flames in a weakly tur- 
bulent environment are now quantified in terms 
of turbulent flame speeds. In LB and SB cases 
the turbulent burning velocity, as commonly done 
for envelop flames [40] , has been calculated us- 
ing the global consumption speed concept S T,GC = 

˙ m /ρu A c = c ∗ , being ˙ m the inlet mass flow rate and 
ale effects in weakly turbulent premixed flames, 
doi.org/10.1016/j.proci.2018.06.154 
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Fig. 5. Top panel: c fields for SB (left) and LB (right) 
cases, solid black lines indicate the c ∗ isoline used for 
S T, GC evaluation. Bottom panel: time evolution of tur- 
bulent flame speed S T /S 

0 
L : LP ( ), SP ( ), and a 2D 

version of LP (–), the corresponding dashed lines repre- 
sent 〈 S T, GC 〉 . The time t is normalized with the HIT eddy 
turnover time t e = � 0 /u rms . 
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Fig. 6. Conditional averages of FSD (upper panel) scaled 
with the thermal thickness and wrinkling factor (lower 
panel): LB ( ), SB ( ), LP ( ) and SP ( ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 c = c ∗ , the area of the averaged iso-contour c =
 

∗. In LP and SP cases, the turbulent burning ve-
ocity is obtained via the volume integral of re-
ction rate of the progress variable ˙ ω c as S T =

(ρu A p ) −1 
∫ 

V ˙ ω c dV being A p the projected area in the
irection of mean flame propagation [30] . 

The upper panel of Fig. 5 shows the averaged
rogress variable fields of the slot flames, rescaled
ith the reference hydrodynamic length, together
ith the c ∗ isoline used for the evaluation of S T, GC .
he LB case highlights a smaller rescaled mean
ame height which leads to a higher global con-
umption speed S T,GC /S 

0 
L = 1 . 36 compared to the

B case S T,GC /S 

0 
L = 1 . 17 , with a ∼ 16% increase

sually denoted as a DL-enhancement. Although
ot shown, the enhancement calculated using 2D
ersion of the LB and SB cases, is ∼ 19.5%. The
ower panel of Fig. 5 shows the time evolution of 
 T and the averaged value 〈 S T 〉 scaled by S 

0 
L for the

P and SP cases and, in addition, a 2D version of 
P. The LP flame propagates faster ( 〈 S T 〉 = 1 . 50 )

han SP ( 〈 S T 〉 = 1 . 18 ) due to large scale effects al-
hough, as mentioned above, the turbulence inten-
ity experienced by the two flames is different as is
lso evident from the time series of S T /S 

0 
L . The lat-

er finding is rather remarkable since it highlights
hat u ′ / S L is not the only parameter upon which
 T /S 

0 
L depends since, even if impacted by a lower

urbulence intensity, large scale flames propagate
aster. Moreover, the flame area increase and the
nsuing DL-enhancement is far less evident than
Please cite this article as: P.E. Lapenna et al., Large sc
Proceedings of the Combustion Institute (2018), https://
in 2D configurations being 〈 S T 〉 = 1 . 75 in the 2D
LP case. The behavior of S T for the two dimen-
sional case is in accordance with other 2D DNS re-
sults [16] . The comparison between 2D and 3D can
be further complicated by the different character-
istics of the turbulence impacting the flame front.
However, based on the results presented, we can
partially conclude that, in a three dimensional sce-
nario, DL-enhancement as a large scale effect is a
less pronounced phenomenon. 

Flame surface density (FSD) based reaction rate
closure methods are well established in the context
of both large eddy simulation (LES) and Reynolds
averaged Navier-Stokes (RANS) approaches [38] .
It is therefore of interest to understand how large
scale effects can impact on its pivotal quantities,
namely the generalized flame surface density, de-
fined as � = |∇c | , and the wrinkling factor, defined
as � = |∇c | / |∇ c | [41] . 

In order to consistently compare the investi-
gated flames, because the two configurations used
have a different number of inhomogeneous direc-
tions, we use conditional averages of � to the corre-
sponding mean progress variable field c , as shown
in the upper panel of Fig. 6 . It is clearly observ-
able that large scale flames (LP and LB) compared
to small scale flames (SP and SB) are character-
ized by lower values of � conditional averages. In
particular, the DL-induced morphology produces
a thicker flame brush which causes the flame sur-
face to be spread over a wider spatial domain,
thereby reducing its density. It is noteworthy that
this trend is present in both the planar and slot
ale effects in weakly turbulent premixed flames, 
doi.org/10.1016/j.proci.2018.06.154 
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Fig. 7. Spatial distribution of � for SB (left panel) and LB (right panel) with superimposed four slices ( z = 0 . 5 L ) of 
instantaneous realizations of the flame front identified by c = c ∗. For clarity only half of the domain is shown in the x 
direction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

configurations investigated in the present work.
The DL-enhancement resulting from the flame area
increase, can be statistically viewed, similarly to �,
by means of the conditional averages of � which
are reported in the lower panel of Fig. 6 . Large
scale flames, under similar weakly turbulent con-
ditions compared to their small scale counterpart,
are characterized by overall larger wrinkling fac-
tors. The described behavior is also evident in Fig. 7
displaying the spatial distribution of � for the slot
flames. The higher degree of wrinkling of the large
scale flame is clearly shown by the instantaneous
2D flame slices. This trend confirms the one de-
scribed above for turbulent burning velocities since
� can be simply interpretable as � ∼ S T / S L . Indeed
the larger � values are presented by the LP case, i.e.
the case with the higher turbulent to laminar burn-
ing velocity ratio. In the context of FSD based clo-
sure, � is often modeled using algebraic relations
based on local grid resolution, turbulence spectral
properties and mixture parameters such as δT and
S 

0 
L (see for instance [41] ). Drawing from the DNS

results presented in this work the need of an addi-
tional mixture dependent parameter, expected to be
related to λc , is evident in order to take into account
large scale effects. Dedicated a-priori analysis on a
wide range of chemical and turbulence parameters
can be therefore envisaged to investigate large scale
effects on turbulent combustion modeling. 

3. Conclusion 

We introduce the concept of large scale pre-
mixed flames for which the reference hydrody-
namic length scale L is larger than the Darrieus–
Please cite this article as: P.E. Lapenna et al., Large sc
Proceedings of the Combustion Institute (2018), https://
Landau cutoff scale λc . Large and small scale 
flames for constant Re 0 and Ka are investi- 
gated by means of 3D DNS in the context 
of two paradigmatic configurations, highlighting 
morphological, topological and propagative dif- 
ferences. Large scale effects on flame surface 
density based reaction rate modeling are also 

investigated. 
The Darrieus–Landau induced cusp-like corru- 

gation is observed only for large scale flames and 

the skewness of the mean curvature pdf is assessed 

as its morphological marker. An enhancement of 
the turbulent burning velocity is also observed, al- 
beit less pronounced than in a two-dimensional 
setting, which can be attributed to the additional 
DL-induced wrinkling. Large scale flames exhibit 
thicker flame brushes, inducing smaller flame sur- 
face densities and overall larger wrinkling factors. 
This suggests that large scale effects should be in- 
corporated in reaction rate flame surface density 
closure models in terms of mixture related correc- 
tions. 

Future work will be dedicated to sub-unity 
Lewis number flames, which are expected to exhibit 
smaller cutoff lengthscales and, concurrently, addi- 
tional small scale wrinkling due to thermal diffusive 
instabilities. 
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