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Abstract
2D Direct Numerical Simulations of methane/air turbulent premixed flames at Karlovitz num-
bers ranging from 800 to 7000 are performed. Instantaneous results are then extracted and
analysed with a focus on the inner flame structure. Snapshots reveal that the distributed flame
regime, theoretically reached around Ka ≈ 100, is not attained before Ka ≈ 2000. A correc-
tion of the definition of Ka is then proposed in order to account for gas expansion accross the
flame, and is found to be consistent with the previous observations. The inner distributed flame
structure is shown to be highly affected by turbulence and doesn’t ressemble that of flames
developing at lower Ka: the reaction zone is indeed strongly stretched and curved by intense
turbulence leading to the formation of large protruding structures. In addition, the heat release
rate layer is found to be broader and more distributed than at lower Ka as small turbulent eddies
are able to survive inside it. No local flame quenching is however noticed. A statistical analysis
of the distributed flame highlighted three major features characterizing this regime: significant
broadening of the whole flame results from the presence of small eddies inside the reaction
zone, temperature evolves linearly with respect to the progress variable and minor species peak
mass fractions are lower than in a laminar flame. These results have important consequences
for turbulent combustion modelling of flames in the distributed combustion regime.

Introduction
Depending on the ratios between turbulence and flame characteristic time scales, it is widely ad-
mitted since the works of Borghi [1] and Peters [2] that turbulent premixed flames may exhibit
very different behaviours defining several turbulent combustion regimes. They are commonly
identified using the Karlovitz number [2]

Ka =
u′η
η

δ0
L

S0
L

. (1)

In the previous relation, u′η is the characteristic velocity associated with eddies at the Kol-
mogorov scale η, and δ0

L and S0
L represent respectively the flame thickness and velocity.

In the present paper, we are interested in premixed turbulent flames developing at Karlovitz
numbers exceeding 100. Following Peters’ theory, such flames lie in the so-called distributed
reaction zone regime, where the smallest turbulent eddies are able to survive inside the inner
reaction layer, thus strongly affecting the overall flame structure. Although most of the prac-
tical thermal devices making use of premixed or partially premixed combustion may actually
work under such conditions (at least locally), there is still an important lack of understanding
of the underlying physical phenomena involved. To illustrate this lack of theoretical knowl-
edge regarding flame interactions with small scale turbulence, it is interesting to consider the
occurance of local extinction in premixed combustion. When small turbulent eddies are able
to penetrate inside the flame reaction zone and deeply disturb its inner structure, Peters [2]



suggested that local quenching may be observed along the flame front, characterized by a dra-
matic drop in heat release and fuel consumption rates. Following that picture, flame holes are
primarily formed as small eddies are able to transport cold gas pockets inside the reaction zone
which in turn may cool down the fuel consumption layer and inhibit major elementary oxida-
tion reactions. On the opposite, numerical studies conducted by Poinsot et al. [6] on laminar
flame/vortex interactions with varying vortex sizes and intensities revealed that small vortices
may not be strong enough to survive inside the reaction zone and to consequently yield local
quenching. During these numerical experiments, it was shown that quenching was mainly re-
lated to large scale stretching resulting from the passage of the vortex through the flame, and
radiative heat losses. It is apparent from these two opposite statements that further investiga-
tions need to be conducted to clarify the role played by small and large flow structures in the
quenching mechanism.

Considering the recent improvements made in the field of Direct Numerical Simulations for
reacting flows and the constant increase in computational resources as large powerful clusters
become widely available, DNS appears nowadays as a very practical tool to assess turbulent
flame physics. When it comes to the use of DNS for the investigation of distributed flames,
one can particularly cite the recent papers of Poludnenko and Oran [3], who studied the effects
of high intensity turbulence on a premixed methane/air flame using one step chemistry, and
Aspden et al. [4, 5], who investigated the effects of differential diffusion in the distributed flame
regime using detailed chemistry. The limited experimental and numerical litterature existing
on the description of distributed combustion reflects the difficulties to reach and stabilize the
required conditions.

The development of improved combustion models dedicated to the distributed reaction zone
regime, which currently constitutes a major challenge for turbulent combustion modellers, re-
quires further theoretical investigations of small scale turbulence/flame interactions. Within
that context, the present paper provides an attempt to characterize distributed premixed flames
at Ka � 100, using high-order 2D DNS of methane/air combustion with reduced chemistry.
The main objective of this work is to collect informations about the instantaneous flame struc-
ture in the distributed reaction zone regime, and to provide new insights for the development of
dedicated models. The first section briefly introduces the high-order DNS code used during this
study. The three cases that was designed to investigate the distributed flame regime with initial
Karlovitz numbers ranging from 800 up to 7000 are described in the next section. The results
are then discussed in the three following sections corresponding to three different aspects of
the turbulent flame structure: (1) the overall instantaneous flame structures with an emphasis
on the observed combustion regimes and extinction, (2) the statistical description of the flame
inner structure (PDFs), and (3) the specificity of turbulent flame structure in the distributed
flame regime (using scatter plots).

Governing equations and numerics
All the simulations presented here were carried out using the pencil-code, a high-order fully-
compressible DNS code available in the public domain [7]. The pencil-code was originally
developed for astrophysics and magnetohydrodynamics applications but a transport/chemistry
module was recently implemented and validated on various 0D to 3D combustion systems [8].

The code solves for the complete set of fully-compressible Navier-Stokes equations for re-
acting flows written in a non-conservative form and consisting of the continuity equation:

∂ρ

∂t
+ u · ∇ρ = −ρ∇ · u, (2)



with ρ being the density and u the velocity vector; the momentum equation (with no external
forces acting on the flow):

ρ

(
∂u

∂t
+ u · ∇u

)
= −∇p +∇ · (2ρνS) , (3)

where S = 1
2

[
∇u + (∇u)T

]
− 1

3
Id∇ · u, is the trace-less rate of strain tensor, p the pressure,

ν the viscosity and Id the identity matrix; the temperature equation (with no external heating):
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−∇ · q + (2ρνS− pId) · ∇u, (4)

where T is the temperature, Cv the mixture averaged heat capacity at constant volume, Cp,k

the species heat capacity at constant pressure, R the perfect gas constant, N the number of
species, Wk the species molar weights, Yk the species mass fractions, Vk the species diffusion
velocities, q the heat diffusion flux and ω̇T = −

∑N
k=1 ekω̇k a temperature source term (ek

being the specific energy); and finally the species transport equation:

ρ

(
∂Yk

∂t
+ u · ∇Yk

)
= −∇ · (ρVkYk) + ω̇k, (5)

where ω̇k, the species chemical source term, is evaluated using the reduced kinetic mechanism
adapted to lean premixed methane/air combustion proposed by Smooke and Giovangigli, con-
sisting of 16 species and 25 reactions [9]. The previous governing equations are eventually
closed using the perfect gas law:

p =
ρRT

W
, (6)

with W being the mixture molar weight.
The species diffusion fluxes, ρVkYk, are approximated by the empirical Fick’s law:

VkYk = −Dk∇Yk, (7)

where the species diffusion coefficients Dk are evaluated via the simple formula given by
Smooke and Giovangigli [9] for non-unity Lewis numbers Lek:

ρDk =
D0

Lek

(
T

T0

)n

, (8)

with D0 = 2.58× 10−4 a constant for methane/air atmospheric mixtures, and n = 0.7. For the
simulations discussed in this paper, the species Lewis numbers are taken from [9]. The heat
diffusion flux q is expressed following Fourier’s law:

q = −λ∇T, (9)

where the mixture averaged heat conductivity λ is also calculated following [9] as:

λ = D0Cp

(
T

T0

)n

, (10)

with Cp the mixture averaged heat capacity at constant pressure. The calculation of thermo-
dynamics properties is based on the same formalism as the one used by CHEMKIN. Heat



capacities at constant pressure are therefore evaluated using 7th order polynomes. The species
viscosities are expressed in terms of Lennard-Jones collision parameters and collision integrals
given by CHEMKIN transport libraries. The mixture averaged viscosity is evaluated using
Wilke’s formula. For simplicity, the input files needed by the pencil-code must be provided in
the CHEMKIN format.

The equations are solved using explicit finite difference schemes with 6th order centered
derivatives. Explicit formulations were prefered to compact ones in order to guarantee an
easy and efficient parallelization of the code. As high-order centered schemes often exhibit
spurious numerical wave propagation when stiff density or temperature gradients are observed,
lower order upwind formula are also available to discretize the advection term appearing in the
continuity and temperature equations. In the present simulations, 5th order upwind derivatives
were used in this context.

Time stepping is performed using a low-storage 3rd order explicit Runge-Kutta scheme.
Given the high local velocities that may be encountered during the runs, the time-step is fixed
by the CFL criterion based on acoustic velocity rather than by the chemical time scales. Typical
time-steps chosen for each simulation are given in the following section.

All the simulations were run on Lund University’s HP cluster consisting of 216 nodes each
containing two 64 bit quadcore Intel processors (2.26 GHz). Indications about the code per-
formances and scalings on various machines and for various cases are given in pencil-code’s
manual [7]. The typical CPU time requirement for all the simulations presented hereafter using
32 processors is of the order of 3.3 µs/time step/grid point.

Case description
In order to give an idea of the computational settings typically necessary for flame simula-
tions in the Karlovitz number range sought in this work, it is very instructive to first consider
the numerical setups recently studied by Aspden et al. [4, 5] and Poludnenko and Oran [3]
under very similar conditions (atmospheric lean methane/air flames). In both papers, 3D com-
putational domains were retained, but only 2nd order codes were employed. Given that the
results were shown to be strongly dependent on grid resolution in [3] and that turbulence seems
slightly under-resolved in [4], none of these works can be regarded as accurate Direct Numer-
ical Simulations. Consequently, it can be stated that even with large computational resources,
real DNSs of turbulent premixed flames at very high Karlovitz numbers are still out of reach
and significant simplifications of the problem must be considered.

In the present work, only two-dimensional DNS simulations were performed in order to pro-
vide a sufficient resolution of the flame structure and small turbulent eddies for reasonable CPU
times. This assumption can seem rough at first but it should be reminded that turbulent flames in
3D periodic domains are typically more incline to take quasi bidimensional cylindrical shapes
rather than 3D spheroidal ones [10]. Although these conclusions were drawn for flames lying
in the flamelet regime, the 2D assumption still remains fair, especially because periodic bound-
ary conditions were applied on the sides of the domaine. Besides, turbulent/flame interactions
are driven by scale ratios (between turbulence and the flame) which are still relevant in 2D
simulations and hence lead to similar behaviours as in 3D.

The computational setup consists in a 0.5x0.5 cm2 square, discretized by a uniform cartesian
grid comprising 1024x1024 cells, giving a cell size of about 5.85 µm. Periodic boundary
conditions are imposed in the spanwise direction whereas nonreflecting inflow and outflow
boundaries, based on the NSCBC formulation, are fixed in the streamwise direction. A mixture
of methane and air under atmospheric conditions (T=298 K) and at an equivalence ratio of 0.7,
enters the domain on the left side with an horizontal velocity equals to the laminar flame speed



Table 1: Characteristics of the DNS cases.

Case lt (mm) u′ (cm/s) η (µm) Re Ka ∆t (µ s)
A 0.209 940 8 1250 820 3.3
B 0.209 2100 5.2 2750 2000 2.5
C 0.209 5900 2.7 7700 7000 1.5

(19 cm/s) plus 20% to compensate the effects of turbulence.
To initialize the flow inside the box, a turbulent cold case was simulated first in order to

generate a developed turbulent velocity field. This initialization step is run on the previously
described domain which is filled only with the initial methane/air mixture. A source term
f is added to the momentum equation representing turbulent forcing, as in [8]. The forcing
function is constructed in order to ensure a divergence free flow. A freely propagating laminar
methane/air flame, computed using the same transport properties and chemical mechanism as
in the DNS, is then overimposed to the initial turbulent velocity field. From that point, the
system is allowed to evolve freely during a time equals to 1.1 times the eddy turnover time
τt = lt/u

′ based on the integral scale. As turbulence is quite intense, the flame response to
turbulent perturbations will be fast so that such short simulation times are sufficient for the
flame to reach a developed stationary state.

Three different cases were run for Ka varying from 800 up to 7000. High initial Karlovitz
numbers were chosen so that their final values after 1.1τt remain above the Ka = 100 thresh-
old. It can be shown using cold flow decaying turbulence simulations that the final Karlovitz
numbers range respectively between 130 and 2000.

Table 1 summarizes the conditions under which simulations A, B and C were performed. As
the flame parameters are fixed, the Karlovitz number is varied by changing only the properties
of the initial turbulent field. The Kolmogorov length scale is hence varied from 8 µm in case A
to 2.7 µm in case C. For the latter, the Kolmogorov scale is not resolved by the prescribed grid.
However, as stressed by Aspden et al. [4], the smallest dissipative eddies existing in the flow
are often expected to be larger in size than the Kolmogorov scale. The actual grid resolution
can be inferred from an effective viscosity νe taking into account the effects of under-resolution
and hence turbulent dissipation due to the mesh. It can be shown that, in the most extreme case
described here, νe departs from the physical viscosity only by a few percent (≈ 4%) so that the
mesh can still be considered as sufficiently fine to resolve all the turbulent features following
the criterion used in [4, 5].

Overall flame structure
Instantaneous snapshots of combustion progress variable and heat release rate taken after 1.1τt

in all three cases are displayed on figure 1. The progress variable c is defined from molecular
oxygen mass fraction:

c =
Y b

O2
− YO2

Y b
O2
− Y u

O2

, (11)

where superscripts b and u denote respectively quantities taken in the burnt and unburnt gases.
The outter flame boundaries are defined by the c = 0.01 and c = 0.99 progress variable iso-
lines, represented as thick black lines on figure 1. The inner thick black lines surrounding a
layer of high heat release mark the limits of the reaction zone and are defined by two fuel mass
fraction iso-values at YCH4 = 0.012 and YCH4 = 8×10−5 (the fuel consumption layer is usually



considered to be similar to the inner reaction zone as suggested in [11]). The thinner white lines
observed ahead of the reaction zone represent vorticity iso-contours at a value corresponding
to about 1/10th of the maximum vorticity in all three cases.

Figure 1: Instantaneous snapshots of: left: progress variable; right: heat release rate. From top
to bottom: cases A, B and C. Definition of the iso-lines is given in the text.

The effects of increasing Karlovitz number are clearly evidenced by the progress variable
and heat release rate snapshots. In case A, the inner flame reaction zone is continuous and just



slightly perturbed by small turbulent eddies so that its thickness remains constant along the
entire flame. The observed vortices are rather big compared to the reaction zone and remain
embedded within the preheat zone. As Ka increases, the flame becomes more disturbed by
turbulence and it is hard to find similarities between the observed structures of flames A and
C. Of crucial importance is the presence of turbulent eddies inside the fuel consumption layer
at two different locations along flame C. The vortex observed in the upper part of the domain
is accompanied with a locally high value of YCH4 indicating that it brought cold gases inside
the reaction zone. The inner layer thickness is very irregular and locally broad in this case,
exhibiting highly stretched or curved areas. Case B, which is intermediate between cases A
and C, presents characteristics that are also observed in both extreme cases. The reaction zone
thickness remains very regular as no turbulent eddy is able to pass through the front. Neverthe-
less, the vortices inside the preheat zone significantly stretch and curve the fuel consumption
layer and large protruding structures, as noticed in case C, are visible.

The heat release rate distribution in case C differs significantly from the two other flames
as regions of high burning rates are broader and more widely distributed. In addition, the heat
release layer and the fuel consumption layer, which overlap in cases A and B (like in a laminar
flame), start to clearly separate at Ka = 7000 and can no longer be considered as forming
a single reaction layer. In the two other cases, the heat release rate layer remains thin and
continuous, and correlates well with curvature as expected by theory. High heat release rate
regions are hence limited to negatively curved flame elements and remain embedded within
the fuel consumption layer. Such a clear correlation is not visible in case C. A comparison
of heat release rate snapshots from cases A and C underlines the main features associated
with distributed flames: the reaction zone is broadened by turbulence, burning is more widely
distributed along the front, heat release rate do not correlate well with curvature and the fuel
consumption layer separates from the main burning zone.

Even if the inner layer of flame C is strongly affected by small scale turbulence and although
locally low values of ω̇T are observed, the reaction zone remains continuous and is not subjected
to extinction. No flame quenching is hence observed in the present simulations, even in the
most extreme case. The fact that the fuel consumption layer is broader and distributed in flame
C actually strengthens the reaction zone. Small eddies able to quench the flame are indeed
embedded in a wide burning area where neighbouring hot gas parcels sustain combustion along
the entire flame, even when fresh mixture pockets penetrate inside the layer.

Given the highly perturbed inner structure of flame C, it is evident that the flame actually
belongs to the distributed combustion regime. On the opposite, the fuel consumption layer in
case A remains thin and no vortex is clearly able to survive inside the reaction zone. Although
its associated Karlovitz number is as high as 820, the flame seems to belong to the thin reaction
zone regime [2]. Case B, at Ka = 2000, seems to lie at the edge of the distributed reaction zone
regime. As discussed by Driscoll [12] in a recent review considering the transition between the
flamelet and the thin reaction zone regimes, the Karlovitz number defined by relation (1) is
evaluated from cold flow quantities and doesn’t account for gas expansion due to the steep tem-
perature rise through the flame. It is indeed known that when a vortex passes through a flame,
its volume (surface in 2D) is increased by a factor corresponding to the density ratio between
fresh and burnt gases: τ = ρu/ρb [13]. In the meanwhile, to preserve vortex momentum, the
rotational velocity of the eddy is decreased by the same factor. Introducing these relations in
the definition of Ka yields:

Ka∗ = u′η

(
ρu

ρb

)−1
1

η

(
ρu

ρb

)−1/2
δ0
L

S0
L

= τ−3/2Ka, (12)



where Ka∗ is a corrected Karlovitz number accounting for gas expansion. In the case of
methane/air combustion at equivalence ratio 0.7, we get τ = 6.2. As a result, the corrected
Karlovitz numbers for cases A to C are respectively: 50, 130 and 450. Based on these corrected
values, and assuming that the lower limit of the distributed reaction zone regime is given by
Ka∗ ≈ 100, it appears that case A belongs to the thin reaction zone regime, case B lies close
to the suggested threshold whereas case C is identified as a distributed flame. The values of
Ka∗ are consistent with the observations made on figure 1 so that relation (12) can be used to
characterize properly turbulent/flame interactions in the present context.

Species PDFs
On figure 2 are gathered PDFs extracted from the entire computational domain, for three differ-
ent species (OH , CH2O and CH4) and the progress variable c (defined by relation (11)). On
a modelling point of view, the PDF of progress variable is particularly interesting as numerous
turbulent combustion models for premixed flames are based on the evaluation of such functions
(see [14]). The progress variable PDF is very similar to the fuel one, exhibiting a clear bimodal
shape, with the two peaks centered around 0 and 1 corresponding respectively to the predom-
inance of fresh and burnt gases inside the domain. The two PDFs extracted from cases A and
B are almost indistinguishable: although the visible structure of the two flames are different,
with an increased flame surface at higher Ka due to the presence of highly curved areas, their
statistical structures remain similar. In other words, the two flames might be modelled in the
same way if progress variable approaches were used. At Ka = 7000, the central plateau is
found to be higher than in the two other cases (whereas the two peaks, not visible here, are
smaller) which reflects the significant broadening of the flame by small scale turbulence. This
result is consistent with the observations made in the previous section.

PDFs of OH and formaldehyde mass fractions are also depicted on figure 2. The PDF of
OH shows two distinct peaks, respectively centered in 0 and 0.0003. The latter corresponds to
the equilibrium OH level. A relatively long tail towards higher values is also noticed as YOH

decreases very slowly in the oxidation layer. As for c and CH4 the differences between cases
A and B are minor. It is however noteworthy that the maximum level Y max

OH reached in case
A is higher than the one observed in case B, which is itself higher than in case C. The same
is also true for Y max

CH2O. Over a long range accross flame C, the PDF of OH (CH2O) exhibits
lower (higher) values, and a stiffer drop just before the low equilibrium level. This has also to
be related to a significant flame broadening in the distributed flame regime as the formaldehyde
layer will be wider and the burnt gas region (corresponding to the second OH peak) narrower.
Broadening of the formaldehyde layer under intense turbulence is a feature that has also been
captured experimentally by Li et al. [15].

Flame thickening in the distributed reaction zone regime is better illustrated on figure 3
where profiles of vertically averaged temperature are plotted for cases A, B and C. The averaged
temperature is defined as:

T =
1

L

∫ L/2

−L/2

T (x, y) dy, (13)

with L being the height of the domain. The curves show progressive broadening as Ka
increases, with case C exhibiting a significantly wider front than the two other cases. At
Ka = 7000, the initial temperature increase is more important as intense vortices located
inside the preheat zone transport heat from the reaction layer to the upstream flame region. The
slopes of the three curves then increase sharply but at a smaller rate in case C. The three curves
intersect around T ≈ 700K and the temperature rise in flame C remains slower. In the reaction



Figure 2: PDFs of species mass fractions inside the computational domain for the three simu-
lated flames. From top to bottom and left to right: CH4, progress variable c, OH and CH2O.

Figure 3: Temperature profiles for cases A, B and C averaged accross vertical slices.

layer, delimited by T = 900K and T = 1600K, the inflection of curves B and C are very
similar, but they differ strongly after T = 1600K with flame C exhibiting once again a much
slower increase rate.

Turbulent flame structure in the distributed reaction zone regime
To assess turbulent flame structure in the distributed reaction zone regime, only case C will
be considered as it was unambiguously identified as belonging to this regime. Scatter plots



of various species mass fractions, temperature and local equivalence ratio are generated and
compared to the equivalent laminar distributions on figure 4. All the curves are plotted with
respect to the progress variable defined by relation (11). The temperature plot exhibits a quasi-
linear behaviour with respect to the progress variable, with no significant spreading around
its mean distribution (as does the fuel mass fraction, not shown here). A similar temperature
response at very high Ka was also evidenced by Aspden et al. [4] which confirms that this
constitutes a typical feature of distributed flames. The responses of YCO and YH are also given
on figure 4. Their peak mass fractions reached inside the reaction zone around c = 0.8, are
significantly lower in the turbulent case than in the laminar one. Several other species such
as OH and H2 present the same characteristics. As suggested previously by the PDFs, the
opposite trend is observed in case A where the peak radical levels are found to exceed the
laminar distributions.

Figure 4: Scatter plots extracted from case C with respect to the progress variable and coloured
according to their respective chemical formation rates (except for φ). From top to bottom and
left to right: species mass fractions of CO and H as well as temperature T and local equivalence
ratio. The corresponding laminar distributions are represented as thick black lines.

These two important observations result from the intensification of turbulent micro-mixing
in the vicinity of the reaction zone. Fuel mass fraction is found to be higher around c = 0.8
in the distributed flame than in the laminar one, indicating that fuel consumption is slower in
presence of intense turbulence. As fuel consumption is decreased, chain branching reactions
are inhibited and fewer flame radicals are formed. Further investigations of the transport bal-
ance (diffusion/convection) of fuel, temperature and radicals would be necessary to identify the
piloting phenomena responsible for this local drop of minor species concentrations.



The last plot in figure 4 presents the distribution of local equivalence ratio accross the flame.
This quantity is defined as:

φ = 8.141
YC + YH

YO

, (14)

where Yi =
∑N

k=1 µik
Wi

Wk
Yk is the elemental mass fraction of element i, µki the number of i

atoms in species k,Wi the atomic weight of i and 8.141 is the value of the ratio between carbon
and hydrogen over oxygen elemental mass fractions in the pure fresh mixture.

The influence of differential diffusion on flame structure can be inferred from the compar-
ison of the equivalence ratio distributions in the turbulent and laminar flames. Whereas in the
downstream part of the flame the turbulent scatter follows accurately the laminar curve, the
local equivalence ratio remains closer to its initial value of 0.7 early in the preheat zone, where
φ reaches its minimum. As already suggested by Aspden et al. [4], the influence of differen-
tial diffusion is significantly reduced at high Karlovitz numbers: as turbulent micro-mixing is
enhanced within the flame boundaries, it becomes the predominant transport mechanism over
molecular diffusion. As a result, the transport of light fast diffusing species such as H2 is mod-
ified close to the fuel consumption layer. Although it is demonstarated that the influence of
differential diffusion is decreased at high Ka, its actual impact on the flame chemical structure
and minor species formation remains to be shown via in-depth analyses.

Conclusion
Three different 2D mehtane/air premixed flames were simulated at high Karlovitz number using
a high-order fully compressible DNS code. With Karlovitz numbers ranging from about 800
up to 7000, all the flames are expected to develop within the distributed reaction zone regime.

From instantaneous snapshots of progress variable and heat release rate, it was suggested
that only the flame corresponding to Ka = 7000 actually belongs to the distributed reaction
zone regime. In that case indeed, small vortices are able to penetrate inside the fuel consump-
tion layer and significantly alter both the preheat zone and the reaction zone. The heat release
rate distribution is shown to be broadened by small scale turbulence and more distributed along
the flame, but no clear extinction area was revealed by the simulations. It can thus be concluded
that even under very high turbulence intensity, local quenching cannot occur through the action
of small scale turbulence only, because: (1) the small vortices are quickly dissipated and are
thus too weak to significantly alter the inner heat release rate layer, and (2) the constant pres-
ence of a hot gas region beyond the front as well as a broad continuous layer where burning
is sustained at a high rate, avoids the local occurance of small holes of the size of the dissi-
pative turbulent scales. Nevertheless, it is not excluded that extinction could happen anyway
under similar conditions, but mainly promoted by large scale stretching or radiative heat losses.
These results are consistent with the suggestion of Poinsot et al. [6] who stressed the fact that
small vortices usually quickly disappear under the action of viscous forces, before they can
pass through the flame. Quenching being mainly piloted by transient phenomena, a study of
flame evolution in time would be required for a detailed investigation of extinction under high
Ka conditions.

Flame A is found to be much less disturbed than the other ones and it is suggested that it
doesn’t belong to the distributed combustion regime. Considering gas expansion accross the
flame, a corrected expression for the Karlovitz number has been derived, which confirms that
only flame C unambiguously corresponds to a distributed flame. Higher Karlovitz numbers than
expected by theory are required to see modifications of the inner heat release rate layer, thus
pushing forward the lower limit of the distributed combustion regime by an order of magnitude.



Further insights about the structure of distributed flames were given by species PDFs, which
revealed heavy flame broadening in the higher Ka case. The compared shapes of progress
variable PDFs are particularly interesting on a modelling point of view as many modern com-
bustion models rely on the evaluation of such functions. Finally, the scatter plots highlighted
two important behaviours linked with distributed flames: temperature possesses a linear re-
sponse with respect to the progress variable and intermediate species peak levels are mostly
reduced compared to a laminar flame. These two features might be related to modifications in
the transport balance between turbulent convection and molecular diffusion within the front:
differential diffusion was indeed shown to have a reduced impact on the flame structure as
turbulent micro-mixing becomes dominant when Ka increases. From these results, it seems
necessary to clarify the role played by turbulent transport inside the flame front and its interplay
with the various chemical paths yielding the observed reduced radical peaks.
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