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The structure of premixed turbulent flames is a problem of fundamental interest in
combustion theory. Possible flame geometries have been imagined and diagrams
indicating the corresponding regimes of combustion have been constructed on the
basis of essentially intuitive and dimensional considerations. A new approach to this
problem is described in the present paper. An extended definition of flamelet regimes
based on the existence of a continuous active (not quenched) flame front separating
fresh gases and burnt products is first introduced. Direct numerical simulations of
flame/vortex interactions using the full Navier—Stokes equations and a simplified
chemistry model are then performed to predict flame quenching by isolated vortices.
The formulation includes non-unity Lewis number, non-constant viscosity and heat
losses so that the effect of stretch, curvature, transient dynamics and viscous
dissipation can be accounted for. As a result, flame quenching by vortices (which is
one of the key processes in premixed turbulent combustion) may be computed
accurately. The effects of curvature and viscous dissipation on flame/vortex
interactions may also be characterized by the same simulations. The influence of non-
unity Lewis number and of thermo-diffusive processes in turbulent premixed
combustion is discussed by comparing flame responses for two values of the Lewis
number (Le = 0.8 and 1.2). An elementary (‘spectral’) diagram giving the response
of one flame to a vortex pair is constructed. This spectral diagram is then used, along
with certain assumptions, to establish a turbulent combustion diagram similar to
those proposed by Borghi (1985) or Williams (1985). Results show that flame fronts
are much more resistant to quenching by vortices than expected from the classical
theories. A cut-off scale and a quenching scale are also obtained and compared with
the characteristic scales proposed by Peters (1986). Results show that strain is not
the only important parameters determining flame/vortex interaction. Heat losses,
curvature, viscous dissipation and transient dynamics have significant effects,
especially for small scales and they strongly influence the boundaries of the
combustion regimes. It is found, for example, that the Klimov—Williams criterion
which is generally advocated to limit the flamelet region, underestimates the size of
this region by more than an order of magnitude.

1. Introduction

While premixed turbulent combustion is of considerable technological interest, its
modelling is still largely based on empirical ideas. This is due to the complexity of
flame/turbulence interactions. An important aspect in the derivation of a turbulent

1t Author to whom correspondence should be addressed, at the Ecole Centrale de Paris.



562 T. Poinsot, D. Veynante and S. Candel

combustion model is to determine the combustion regime and the structure of the
reacting flow. Diagrams defining combustion regimes in terms of length and
velocity-scale ratios have been proposed by Barrere (1974), Bray (1980), Borghi
(1985, 1988), Peters (1986), Williams (1985) and Abdel-Gayed & Bradley (1985,
1989). Knowing the integral turbulence scale and the turbulent kinetic energy, these
diagrams indicate whether the flow will feature flamelets, pockets or distributed
reaction zones. The dimensional arguments which are used to derive these diagrams
are mainly intuitive and leave aside important phenomena such as flame front
curvature, dynamical features or viscous effects. This article proposes a new method
leading to a classification which accounts for these effects. It mainly focuses on the
problems of flame quenching by turbulence which constitutes one important
mechanism in many models of premixed turbulent combustion as well as in the
construction of the corresponding diagrams (Borghi 1985, 1988).

Flame quenching occurs when a flame front is submitted to external perturbations
like heat losses or aerodynamic stretch which are sufficiently strong to decrease the
reaction rate through the flame front to a negligible value or in some cases to
completely suppress the combustion process. For example, asymptotic studies of
laminar stagnation-point flames established by the counterflow of reactants and
products (Bush & Fendell 1970; Libby & Williams 1982; Libby, Lifian & Williams
1983) reveal that stretch may significantly decrease the flame speed. Libby et al.
(1983) show that quenching by stretch may occur if the flow is non-adiabatic or if the
Lewis number (defined as the ratio of the thermal diffusivity to the reactant
diffusivity : Le = A/(pC, 9)) is greater than unity. These results are confirmed for
simple or complex chemistry, by numerical calculations (for example, Darabiha,
Candel & Marble 1986; Giovangigli & Smooke 1987) and experimental studies
(Ishizuka & Law 1982; Sato 1982; Law, Zhu & Lu 1986). Figure 1 gives a graphic
summary of the effects of stretch on the flame speed of a laminar flame front with and
without heat losses. The idea that such mechanisms may be responsible for partial
or total quenching in premixed turbulent flames is an important ingredient of many
models (Peters 1986 ; Bray 1987; Darabiha et al. 1989; Candel et al. 1990).

At this point, it is important to discuss the definition of the flamelet regime.
Depending on the type of model which one wishes to apply, one may use two
alternative definitions of the flamelet regime of combustion.

(i) The first approach, which we will call the laminar flamelet (LF) assumption is
based on two hypotheses. The first is related to the topology of the flow. It basically
requires that the reacting flow may be viewed as a two-fluid flow : the fresh and the
burnt gases, separated by an interface (the flame surface) where chemical reactions
take place. In this regime, fresh and hot gases burn before they can diffuse and mix.
In this sense, the flamelet assumption is equivalent to the classical ‘fast chemistry’
assumption. Modelling turbulent premixed combustion under the flamelet as-
sumption reduces the general problem of turbulent combustion to the description of
the flame surface. This characterization includes two aspects: the total area of the
flame surface and the local consumption rate along the flame surface. The second
hypothesis in the LF approach is related to the structure of the flame front. This
interface between fresh and burnt gases is assumed to behave exactly like a small
laminar flame (a ‘flamelet’). If flamelets are also assumed to be planar and steady,
the local consumption rate is then simply equal to the consumption rate of a steady
planar laminar flame so that only the flame front area needs to be modelled. Note
that tracking the area of the flame surface (Marble & Broadwell 1977 ; Candel ef al.
1990; Darabiha et al. 1989 ; Pope & Cheng 1988) is essentially equivalent to tracking
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the passage frequency of the flamelets (Bray & Libby 1986; Cant & Bray 1988;
Cheng, Shepherd & Talbot 1988).

(ii) The second approach, which we will call the extended flamelet (EF) assumption
is less restrictive than the laminar flamelet (LF) assumption. It uses only the first
hypothesis of the LF assumption: the flow is assumed to feature fresh and burnt
gases separated by an interface but this interface may not have an exactly laminar
structure so that the local consumption rate is not directly related to a laminar
situation. Indeed, recent direct simulations show that the local consumption rate is
a quantity which changes in smaller proportions than the flame surface (Ashurst,
Peters & Smooke 1987; Rutland & Trouvé 1990; Haworth & Poinsot 1990) so that
its precise determination is probably less critical than a knowledge of the flame
surface.

Discussing the merits of each of these assumptions in terms of turbulent
combustion models is beyond the scope of this paper. As pointed out by R. Borghi
(private communication), the laminar flamelet assumption (L¥) is the easiest to use
because it allows a determination of the local consumption rate using standard
laminar flame models whose characteristics may be stored in flamelet libraries (Bray
1987; Candel et al. 1990; Cant & Bray 1988). However, because of its numerous
hypotheses (steady, planar, laminar-like flamelets), the laminar flame assumption is
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rarely rigorously satisfied and it is believed that it limits the applicability of flamelet
models by imposing too strong constraints. Many authors already indicate that in
order to compare turbulent flamelets and laminar flames, stretch (Williams 1985) but
also curvature (Mikolaitis 1984 a,b; Haworth & Poinsot 1990; Rutland & Trouvé
1990; Cant & Rutland 1990) and unsteady effects (Haworth et al. 1988) have to be
included in the laminar situations. Our own feeling is that the important assumption
in flamelet modelling is related to the topology of the flow and to the fact that fresh
and burnt gases are separated by a relatively thin region with a recognizable
structure in which the chemical reactions proceed to completion. This property alone
reduces the modelling of turbulent combustion to a more tractable two-fluid problem
(fresh and burnt gases) which may be attacked with statistical tools. The flame front
separating the fresh and burnt gases may have a laminar structure as required in the
LF approach but this is not necessary to construct an operational combustion model.
The simulations carried out in this article indicate that the flame surface may be
submitted to curvature, stretch or unsteady effects without invalidating the flamelet
assumption, as long as these effects do not disrupt the flame front, i.e. as long as they
do not quench it. Even scales smaller than the flame front thickness might interact
with the flame if their only effect is to thicken the flame front and increase the
transport coefficients inside the flame zone (as postulated by Damkdohler 1940, see
Beer & Chigier 1983). It turns out, as will be seen later, that interactions at the small
scales are dominated by viscous and transient effects and induce modifications of the
flame structure which are less important than previously thought. This explains why
we will focus on the extended flamelet (EF) assumption although we reckon that
other authors might want to use other approaches.

The next step is to recognize that flame quenching controls the validity of the
extended flamelet assumption. When no quenching occurs in a premixed turbulent
flame, the flame zone is ‘active’ everywhere and features the typical structure of an
interface separating fresh unburnt reactants from hot burnt products. Then, it is
convenient for practical purposes to introduce the following definition of an extended
flamelet (EF) regime (figure 2):

A premized turbulent reacting flow is in an extended flamelet regime if any line
connecting one point in the fresh gases to another point in the burnt products crosses (at
least) one active flame front.

When the flame front is only slightly perturbed by the turbulent eddies, the regime
corresponds to ‘wrinkled flamelets’. In more intense turbulence, pockets of fresh
gases in burnt products may exist in an extended flamelet regime as long as each
pocket is surrounded by an active flame front. This mode of combustion is of the
‘corrugated flamelet’ type (Peters 1986).

If the local stretch induced by the turbulent flow on the flame front is sufficiently
large and the flame is quenched at a given location, combustion stops in the vicinity
of this point and fresh reactants will diffuse into the products without burning.
Combustion ceases to take place in thin sheets and the flamelet concepts (laminar or
extended) become less adequate. Therefore, quenching in a turbulent premixed flame
determines the limit between two essentially different behaviours (i.e. flamelets or no
flamelets) and is an important mechanism in the description and modelling of
turbulent combustion.

The conditions leading to quenching are usually studied by assuming that reactive
elements in the turbulent flame (figure 2) behave like a laminar stagnation-point
flame (Bray 1980, 1987). There are, however, many differences between the real flow
and this model. First, it is unclear whether the effects of multiple scales acting on a
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flame may be described by an equivalent stretch. Geometrical considerations suggest
that, in order to stretch a flame, vortices should be larger than the scales associated
with the flame front (typically the thermal thickness of the unstretched flame 7%). In
this respect, small scales cannot be included in a description which only considers
stretch. Furthermore, in a laminar stagnation-point flame, the flame front is planar
and submitted to a constant stretch. In a real turbulent flame, the flame front is
stretched by turbulent eddies. Because eddies move with respect to the flame, the
reaction front is submitted to a variable stretch and it is curved at the same time.
As shown by Mikolaitis (1984 a, b), Haworth & Poinsot (1990) and Rutland & Trouvé
(1990), the effects of curvature may be quite significant and should be included in the
description. Finally, viscous effects may modify the vortex structure and decrease the
stretch imposed on the flame front before any quenching takes place. As a result, the
interactions between the flame and vortices in the turbulent flow are intrinsically
time-dependent. While information obtained from laminar stagnation-point flames
submitted to steady stretch with no curvature is certainly of value, it does not
completely portray the real flamelets which evolve in a turbulent flame.

The goal of this study is to examine the conditions leading to quenching of a
laminar flame front by vortices and thereby deduce new criteria describing the
behaviour of premixed flame fronts in a turbulent flow and indicating the limits of



566 T. Poinsot, D. Veynante and S. Candel

the extended flamelet mode of combustion. This is achieved by performing a detailed
analysis of the physical mechanisms controlling turbulent premixed combustion
combined with direct numerical simulations of typical aerodynamic interactions. An
important feature of this approach is that, using assumptions on flame/turbulence
interactions, the problem of quenching in a turbulent reacting stream is reduced to
the prediction of quenching of a laminar flame front by a vortex pair. A second
feature of this work is the choice of a complete model (including variable density,
compressibility, variable diffusion and heat losses) to describe the flow field, but of
a simple one-step reaction with an Arrhenius law to represent combustion. This
choice is justified by its low computational cost but also by the large amount of
theoretical results available on stagnation-point flames (Williams 1985; Bush &
Fendell 1970; Libby ef al. 1983) and curved flames (Mikolaitis 1984, b) using one-
step chemical models. It is reasonable to start investigating the effects mentioned
above (viscous dissipation, time-dependent processes, curvature) in the same
framework.

The dimensional arguments used to distinguish different combustion regimes are
reviewed in §2. The various forms of the Klimov-Williams criterion for flame
quenching are recalled and the classical diagram for premixed combustion is
discussed. This section reviews the usual derivation of the Klimov-Williams
quenching criterion. An extended dimensional analysis of parameters controlling
turbulent premixed flames is developed in the same section. Curvature and viscous
effects are taken into account. This analysis reveals some of the questions raised by
the Klimov—-Williams criterion. A spectral diagram concept is introduced to describe
the interaction between an isolated vortex pair and a laminar flame front (and not
between a complete turbulent field and a flame front). This interaction may be
determined exactly from direct simulations.

The basic equations and the simulation method of calculation used to compute
vortex/flame interactions are described in §3. The choice of the vortex pair as the
most efficient turbulent structure to quench a flame front is discussed as well as the
need to take into account heat losses to represent quenching accurately.

Different examples of flame/vortex calculations are presented in §4. Cases where
quenching is produced by vortices are effectively obtained. It is shown, however,
that viscous dissipation and flame curvature compete with strain and notably affect
the quenching processes. The influence of the Lewis number Le is discussed. It is well
known that certain dynamical features of laminar flames are controlled by the sign
of Le—1. Thermo-diffusive instabilities of laminar flames, for example, occur for
Le < 1 (Zeldovich et al. 1980; Williams 1985; Pelce & Clavin 1982) and some of their
effects in a turbulent flame will be deduced from the simulations.

A complete spectral diagram is established in §5 for a Lewis number exceeding one
(Le = 1.2). The behaviour of a complete turbulent reacting flow is inferred and a new
turbulent combustion diagram is defined. Different characteristic scales of turbulent
premixed combustion are derived. A cutoff scale is defined as the size of the smallest
vortex in a given turbulence spectrum having an effect on the flame front. Quenching
criteria are also derived and compared with experimental results. When a turbulent
field is sufficiently intense to quench the flame front, it is shown that quenching only
occurs in a limited range of turbulent lengthscales and that heat losses have a
notable influence on the process.
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2. Turbulent combustion diagrams

To start the analysis, it is worth recalling some of the ideas which have led to the
current classification of turbulent combustion regimes (§2.1). It will then be possible
to introduce a new approach to the topic based on the spectral diagram concept

2.2).

(522 2.1 The classical approach for turbulent combustion diagrams

The qualitative nature of turbulent combustion regimes has received considerable
attention in the past. An early attempt to distinguish the different flame types is
contained in the work of Barrere (1974) who proposed a classification of turbulent
flames in terms of two dimensionless groups: the ratio of the turbulence integral scale
I to the flame front thickness /% and the ratio of the root-mean-square velocity
fluctuations u’ to the laminar flame speed s}. (Both % and s refer to an unstretched
planar laminar flame). Barrére recognized four different regimes: pseudo laminar
flames for I/I% <1 and «'/s} <1; wrinkled flames for I/l§ > 1 and u'/sf <1;
volumetric combustion for I/l <1 and «'/s} > 1; pocket flames for I/l > 1 and
u' /st > 1.

This view on the qualitative nature of turbulent combustion is shared and
discussed in depth by Borghi (1985, 1988) and Peters (1986). A different presentation
is put forward by Bray (1980) and Williams (1985). These authors use the turbulence
Reynolds number Re, = u’l/v and the Damkdhler number Da = (I/u’)/(l3/st) to plot
a diagram of combustion regimes. The two representations are in fact equivalent and
we here adopt the notations and assumptions of Peters (1986).

In the current form of the combustion diagram different regime transitions may be
associated with specific lines (figure 3a). (i) The line »’/sf, = 1 separates the wrinkled
and corrugated flame regimes. The latter designates a combination of flame sheets
and pockets formed by turbulent fluctuations. (ii) The upper limit of the extended
flamelet domain is the limit of interest for the present study. It indicates the
appearance of quenching and the validity limits of the flamelet assumption. It is
generally believed that a regime of distributed reaction prevails beyond this limit.
Quenching is reached when the stretch (1/4 (d4/d¢t) (where 4 is the flame surface)
imposed to the flame equals the critical extinction stretch and induces local
quenching. The critical stretch depends on the flame characteristics but may be
estimated for a planar stagnation point flame by s} /i3 (Peters 1986; Bray 1980).
Defining the Karlovitz number by

_ (1/4)d4/dy

syl
and assuming that the turbulent flame front will be quenched for the stretch value
that extinguishes a stagnation-point flame, one expects local quenching and
distributed reaction zones for Ka > 1.

A standard estimate of the typical stretch (1/4) (dA/d¢t) may be deduced from the
Taylor microscale 4 and from the macroscale velocity fluctuations «’ as

1d4
1a~71 (2)
It is convenient (but not always appropriate) to describe the turbulent flow field

in terms of the Kolmogorov cascade. The dissipation rate e, the Taylor microscale
A and the Kolmogorov scale 7 are then given by the following relations:

e=wuw3/l, A/l =Re;l, 5/l=Ret,

Ka (1)
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where Re, = u'l/v, and v is the kinematic viscosity. The Kolmogorov characteristic
velocity is then related to the macroscale velocity u” by uy/u’ = Re;i. The flame front
thickness /3 and the flame speed s} are also related by the approximate relation
stl4/v = 1. Many equivalent forms of the Karlovitz number may be derived from
these expressions:

_ (@ /s
o= (). ®
_ (e/vp
or Ka='y, (4)
or Ka = (I3/7)?, (5)
_ uk/7
or Ka = s{K/l%' (6)

The Klimov-Williams (KW) criterion is then derived from (5) by stating that
flamelets cannot be observed in a reacting flow if the Kolmogorov scale 7 is smaller
than the flame thickness I}. According to this criterion, flamelets cannot exist beyond
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Ka =1 because their internal structure is altered by stretching and quenching.
It is interesting to note that the derivation starts from a criterion based on
an examination of stretch effects (Ka < 1) and leads to a criterion based on scales
(n>I3).1

The Ka = 1 limit is a line with a } slope in figure 3(a) (equation (3)). The region
lying below Ka = 1 corresponds to extended flamelet regimes. According to (6) the
critical stretch (1/4)(d4/dt) is the strain rate at the Kolmogorov scale uy/7.
Therefore, the KW criterion involves a single turbulent scale, namely the
Kolmogorov scale.

When the turbulence intensity becomes large and the Damsk&hler number Da is
less than unity, all turbulence times are smaller than the chemical time. In this
situation, designated the well-stirred reactor regime, the character of the turbulent
reaction flow is not yet well understood (Williams 1985).

As indicated by one of the reviewers, the previous analysis only identifies the
general nature of the various modes of combustion and provides order of magnitude
estimates. For example, the distribution of strain rates in a turbulent flow will lead
to gradual transitions from one regime to the other and not to abrupt changes as
suggested by the lines in figure 3.

2.2. A new approach based on the spectral diagram concept

The analysis used in the previous section to define the regimes of premixed turbulent
combustion raises many questions, in particular as regards the quenching criterion
which defines the boundary of the extended flamelet regime. According to (6), the
Kolmogorov fluctuations induce flame quenching (and lead to distributed reaction
zones) because they generate the highest strain rates but four important points are
obviously ignored :

(i) The Kolmogorov scales may be too small compared with the flame front
thickness to stretch it effectively (a point already mentioned by Peters 1986).

(ii) As the Kolmogorov scales (7 and ug) and the flame scales (I} and st) are linked
by the same relations to diffusion coefficients (qug/v = l§si/v = 1, where v is the
kinematic viscosity), viscous dissipation will be important for all structures with a
scale close to the flame scale. These structures will be dissipated by viscosity before
they quench the flame.

(iii) Scales smaller than the flame front thickness will induce high local curvature
and associated thermo-diffusive effects which may counteract the influence of strain.

(iv) The interaction between a turbulent eddy and a flame front will be essentially
unsteady. The flame response will depend on the time-evolution of the stretch and
on the eddy lifetime.

While some time-dependent effects have been studied for planar stagnation-point
fHames by Carrier, Fendell & Marble (1975), Rutland (1989) and Haworth et al. (1988)
and for flame/vortex configurations by Marble (1985), Karagozian & Marble (1986)
or Laverdant & Candel (1989), little is known about flame quenching in a transient
flow field. Using direct simulation, we will derive extinction criteria including
viscous, curvature and time-dependent effects.

t Tt is also worth adding that the condition % > [% is used by some authors as the basic definition
of the laminar flamelet regime without any reference to stretch effects. In fact, because of viscous
and transient effects, the flamelets might preserve their laminar structure even when 7 <[
Haworth & Poinsot 1990 ; Rutland & Trouvé 1990) and the condition » > I} might not be the right
criterion to use even for the laminar flamelet assumption. This point was not investigated here

because the extended flamelet assumption is more relevant to most practical models for turbulent
combustion.
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An additional and perhaps more fundamental problem is that the multiscale
nature of the flame interaction with the flow field is not well understood. Indeed, the
turbulent flow features a complex combination of vortices with scales ranging from
the integral scale I to the Kolmogorov scale 7. Each of these scales may be
characterized by a lengthscale r and a velocity perturbation u'(r) (figure 3b). To
describe turbulence/combustion interactions, one has to take into account the
existence of these various scales in the flow and, accordingly, build for each point of
the combustion diagram, a spectral diagram (figure 35). Each point of the standard
combustion diagram corresponds to a turbulent flow containing a spectrum of scales.
These scales are represented by a set of points in the spectral diagram.

We will assume that the turbulent reference quantities correspond to the fresh
gases and that the turbulent spectrum in this part of the flow may be described by
the Kolmogorov relation: w'(r)?/r = ¢, where r is a lengthscale varying between the
Kolmogorov scale 7 and the integral scale /, and ¢ is the dissipation rate. It is
implicitly assumed throughout this paper that turbulence is generated upstream of
the flame front, in the fresh gases. A typical example of such a situation is a turbulent
flame propagating in a piston engine. Cases where turbulence is generated in the burnt
gases, as for example a premixed flame propagating in a shear flow, would require
additional studies.

Under this assumption a turbulent flow field is represented in the spectral diagram
by a straight line that may be designated as the ‘turbulence line’ bounded by the
integral and Kolmogorov scales. Each scale of the turbulence line will have a
different effect on the flame front. Some vortices may induce quenching, some may
form pockets of fresh gases surrounded by an active flame sheet without quenching
while others may be dissipated by viscous effects before they interact with the flame.

In the same turbulent reacting flow, all three types of vortices may be found at the
same time. The flow structure is a complex superposition of all vortices and a
description based on a single scale cannot take all mechanisms into account. The
three effects (pocket formation, quenching and vortex decay) may be characterized
by three dimensionless groups (figure 3b) which depend on the lengthscale » under
consideration:

(i) Vr(r) = w'(r)/s} is the ratio of the turbulent velocity fluctuations associated
with the lengthscale » to the laminar flame speed. A necessary condition for strong
interaction (to form a pocket, for example) is that the speed induced by the vortex
be greater than the flame speed, ie. Vr(r) > 1.

(ii) Ka(r) = (w'(r)/r)/(s%/I%) ~ Re;i(1%/9)? is the Karlovitz number for the scale
r (Re, is the Reynolds number associated to the scale r.) Ka(r) coincides with the
Karlovitz number of (3)-(6) if one considers the Kolmogorov scale r = 3. A necessary
condition for quenching of the flame front by stretching is Ka(r) > 1.

(iii) P(r) = (r2s%)/(vl%) = (r/I%)? is a measure of the vortex power. It is the ratio of
the lifetime of the vortex r2/v to the chemical time %/s}. This number may be
interpreted as the ratio of the penetration length of the vortex into the flame front
(before it is eventually dissipated by viscous effects) to the flame front thickness.
Vortices with a power lower than unity (P(r) < 1) will be dissipated by viscous effects
before they affect the flame front. P(r) is also a good measure of the curvature effects
arising from the interaction of a vortex of size r with a flame front of thickness /j.

It is already possible to reconsider the Klimov-Williams criterion. According to
this criterion, the Kolmogorov scales are the scales that may quench the flame front.
In the spectral diagram (figure 3b), the Kolmogorov scales belong to the line Re, =
w(n)n/v~ (w(9)/st)(y/l%) = 1. If the Kolmogorov lengthscale is larger than the
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flame thickness (3 > ), the corresponding flow conditions fall below the line
Vr(r) = 1. The vortex speed is lower than the flame speed and the interaction is
‘weak’. On the other hand, if y < I}, the power P(5) of the vortex is small (although
its velocity may be high) and the fluctuation is dissipated by viscous effects before
it can interact with the flame. In both cases, Kolmogorov scales are unable to quench
a flame front. Clearly, the interaction between a single vortex and a flame front
involves more than a single non-dimensional number (for example, the Karlovitz
number) and must be studied in more detail.

Now, this interaction may be precisely characterized using direct simulation and
an accurate spectral diagram based on calculations of lame/vortex interactions (and
not based only on dimensional analysis) may be constructed as shown in §5.

This article will focus on defining quenching and cutoff limits. the formation of
pockets will be left for future studies. The quenching limit is of special interest for
modelling since it determines the domain of application of extended flamelet models
while the cutoff scale is the smallest scale which can affect the flame front. This scale
is somewhat related to the Gibson scale (Peters 1986) and may be used as a cut-off
scale in fractal theories of turbulent combustion (Gouldin, Bray & Chen 1989;
Mantzaras, Felton & Bracco 1989).

3. Direct simulation of vortex/flame front interactions

Studies of vortex/flame interactions initiated by Marble (1985) have been pursued
by many authors (Karagozian & Marble 1986; Ashurst ef al. 1987; Cetegen &
Sirignano 1988; Rutland & Ferziger 1989; Laverdant & Candel 1989; Jou & Riley
1989; Ghoniem & Krishnan 1988). While mechanisms like the mutual annihilation of
flame surfaces or the suppression of vortex rollup by thermal dilatation have been
well described, other features relevant to turbulent combustion are not considered
and in particular little is to be found on flame quenching by a vortex.

3.1. The basic equations

Asymptotic studies (Williams 1985) show that non-unity Lewis number and non-zero
heat losses should be included in a computation aimed at the understanding of
quenching. This is done in the present study by solving the Navier—Stokes equations
in a two-dimensional configuration under the following assumptions.

We consider a compressible viscous reacting flow. The chemical reaction is
represented by a single-step mechanism

R (reactants) - P (products)

and the reaction rate wjy is expressed as

Wy =Bp YRexp(—%). (7)
It is convenient to follow Williams (1985) and cast this expression in the form

—B(l—@))
) b

Wy =.@pYRexp(1_a(l_@

where @ is the reduced temperature & = (T'—1T,)/(T,—1T,). T, is the fresh gas
temperature and 7, is the adiabatic flame temperature for unity Lewis number. T,

19 FLM 228
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is the activation temperature. The coefficients #, « and g are, respectively, the
reduced pge-exponential factor, the temperature factor and the reduced activation
energy :

# = Bexp(—f/a), a=(T,—T)/T,. B=al,/T, (8)

The mass fraction of the reactants Yp may be conveniently non-dimensionalized by
the initial mass fraction of reactants Y“ in the fresh gases: ¥ = ¥, /¥Y. ¥ varies from
1 in the fresh gases to 0 in the burnt gases.

Using these assumptions and a Cartesian frame of reference, the fluid dynamic
equations may be cast in the form

ap ) _
3, ) = 0 9
pE o o (,0T .
BE L loB+pul = )+ o (A< @M -T), (10
Opu; , 0 op _0ry
¥ 3 sy (00T
o +azt(pY“i)‘axl P o) (12)
; p
where pE =1 ui+;’—1, (13)
k=1 -
Ou, Ou ou
o (P %% g Ok
le 12 (axj + axl 38ij axk) » (14)
. _ Wp 7 —ﬂ(l—ﬁ))
=t = Y _—.
w Yo Bp exP(l—a(l—O) (15)

In these expressions p is the mass density, p is the thermodynamic pressure, pk is
the total energy density, @ designates the heat of reaction per unit mass of fresh
mixture (@ = —AAY Yy where AR is the heat of reaction per unit mass of reactant).

We assume that the gas mixture is a perfect gas with constant molar mass and a
specific heat ratio y of 1.4. The thermal conductivity A and the diffusion coefficient
2 are obtained from the viscosity coefficient 4 according to

A=pCp/Pr, D = p/(pSc), (16)

where the Prandtl number Pr and the Schmidt number Sc are constant. As a
consequence the Lewis number Le = Sc/Pr is also constant. The viscosity u is a
function of temperature: u = u,(T/T,)°

An important part of the model is the presence of volumetric heat losses.
Asymptotic analysis (Libby ef al. 1983; Williams 1985) shows that the temperature
of the burnt gases 7, is directly controlling quenching. Perfectly adiabatic flames with
realistic Lewis numbers of order 1 will be partially quenched by intense stretch but
not completely extinguished. In principle one may speculate that such flames always
form flamelets in a turbulent flow! This is not true in practice, because the



Quenching processes and premized turbulent combustion diagrams 573

temperature of the burnt gases 7, downstream of the reaction zone is never equal to
the adiabatic flame temperature 7,. This may be due to different effects. For
example, hot gases may be cooled down by convection against walls and then
transported again into the domain where they meet another flame front. In piston
engines, the sudden expansion due to exhaust valves opening leads to a large
decrease of the burnt gases temperature. Another possibility is the formation of soot
and the existence of large radiative heat losses from the burnt gases to the walls.
None of these mechanisms is easy to predict but they certainly take place. As a
consequence, the temperature of the burnt gases T, is always less than the adiabatic
temperature and quenching is controlled by this effect. Therefore, if one wishes to
study flame quenching, it is not appropriate to consider adiabatic flames. For the present
work, we have chosen to use strong heat losses to maximize quenching. In
configurations described by a more realistic energy balance, quenching will be less
likely to occur than in the present work and the extended flamelet assumption will
be satisfied in an even broader domain.

Heat losses are included in the energy balance (10) in the form of a linear term
k(T —T}). The heat-loss coefficient is expressed as a function of the reduced activation
energy f (Williams 1985):

h = ASc¥(s¥ /v)%c/p, (17,

where ¢ is a dimensionless heat-loss coefficient.

3.2 The numerical method

The system (9)—(12) is solved using a high-order finite-difference explicit scheme. The
numerical accuracy is sixth order in space and third order in time (Lele 1989, 1990).
The spatial derivatives are computed using a compact scheme and the time
advancement is produced by a minimal-storage third-order Runge—Kutta scheme
(Wray 1990). Boundary conditions are specified using the NSCBC method (Poinsot
& Lele 1990). This method uses the right number of boundary conditions required for
the reacting Navier—Stokes equations and allows an efficient treatment of non-
reflecting boundary conditions so that acoustic waves generated by the vortex/flame
interaction do not reflect on boundaries and cannot influence the calculation inside
the computational domain. The numerical method has been validated in many
different situations such as non-reacting compressible shear layers (Lele 1989),
reacting shear layers (Poinsot & Lele 1991) or homogeneous turbulence. Only two-
dimensional cases will be used in this study. Typical grids contain 25000 points.

3.3. The configuration

The choice of the configuration is an important part of the simulation. Previous
studies of vortex/flame interactions have been mainly performed for a single vortex
interacting with a flame front while a pair of vortices is considered in the present
study (figure 4a). The reasons for this choice are as follows:

(i) Vortex pairs (also designated as ‘modons’) have been observed in many
turbulent flows and appear to be a generic structure of turbulent flows (Farge &
Sadourny 1989). Two-dimensional simulations of non-reacting turbulent flows show
that the interaction of two structures with the same sign leads to fast pairing and
alteration of the initial vorticity field (Babiano et al. 1987). On the other hand,
structures with opposite signs of vorticity may form vortex pairs which travel long
distances (because of their self-induced velocity) with little modification of their
vorticity field. As far as flame/vortex interactions are concerned, these structures
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FiaUre 4. (a) Configuration for flame/vortex interactions. (b) (i) Vorticity field w, max |wl. ;| = 56 ;
(i) longitudinal velocity u,, max |u,/s,| = 28; (iii) transverse velocity u,, max |u,/s;| = 26.

have a long lifetime and a high power P(r) (as defined in §2.2) allowing them to
interact strongly with the flame front.

(ii) The vortex pair generates a high level of stretch on its axis. Thus, in a given
turbulent flow, vortex pairs are among the most efficient structures in terms of flame
quenching. In addition, the self-induced velocity field created by the vortex pair
entrains the flame towards cooler gases flowing behind the flame front, thereby
increasing the effects of stretch and promoting extinction.
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Fieure 5. Direct and indirect quenching mechanisms in premixed turbulent flames. (a) Direct
quenching by stretch, (b) indirect quenching in non-homogeneous mixtures, (c) indirect quenching
in homogeneous mixtures.

(iii) Vortex pairs (or vortex rings in three-dimensional geometries) may be easily
generated in experiments (Cattolica & Vosen 1987; Jarosinski, Lee & Knystautas
1988).

The basic idea is therefore to assume that among all vortices which may be found
in a turbulent field, only vortex pairs need to be considered if one wishes to study
quenching. There are probably many possible mechanisms leading to flame
quenching in a turbulent flow. In this paper, we will deal only with direct quenching
(figure 5a) which is obtained by submitting a flame front to an intense stretch, for
example to the hydrodynamic field generated by a vortex pair. However, it is also
possible to imagine indirect quenching mechanisms where stretch would not play any
role. Consider, for example, a non-homogeneous mixture of fresh gases (figure 5b).
Regions that are depleted of reactants may decrease the reaction rate locally and
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quench the flame front (F. E. Marble 1989 pfivate communication). Even for a
perfectly homogeneous mixture, a pocket of burnt gases may be separated from the
products and isolated in the cold fresh gases (figure 5¢). If it is small enough, this
pocket may be quenched by thermal effects and mix with surrounding fresh gases,
thereby locally lowering the mass fraction of reactant. Later, when this part of the
flow enters the flame front, the reactant mass fraction ceases to be homogeneous and
a second quenching may happen. Although indirect quenching processes are not
unlikely, we consider direct mechanisms to be more important and we will limit this
study to them.

This choice is also consistent with the two-dimensional geometry which is used
here. It has been shown that flame stretch is essentially characterized by the flow
characteristics along the normal to the flame front and that the flow along the two
other axis plays little role (Libby & Williams 1987; Rutland 1989). As we are
interested in the effects of stretch, using a two-dimensional geometry is a relevant
first step. Finally, it is worth noting that the typical lifetime »*/v of an isolated
vortex in the present two-dimensional computation is longer than the lifetime
w'(r):/e ~ r/u'(r) of a vortex of the same size in a real three-dimensional turbulent
flow. In general, the present results represent the maximum possible effect of a
vortex on a flame front. However, there is one case which could prove this conclusion
wrong: a small vortex tube being stretched while it interacts with the flame front
would have a lifetime and a vorticity which might be larger than in our two-
dimensional case. In the absence of a precise knowledge of vortex tubes in terms of
lifetimes and distribution in three-dimensional turbulence, this question remains
open and we reckon that it might modify the conclusions of the present work.

The initial configuration is sketched in figure 4 (a). Two counter-rotating vortices
are created at { = 0 on the upstream side of a laminar flame front. As the flow is
symmetrical with respect to the z-axis, only the upper part is calculated and
displayed. The inlet flow speed u, is equal to the laminar flame speed so that the
flame does not move when it is not perturbed. The velocity field corresponding to
each vortex is initialized at t = 0 using the stream function ¢ for an incompressible
non-viscous vortex (the coordinate origin is located on the vortex centre):

%

u\ _ (%), 1] 0z, _ _xf+x§)
(=@l S ) vmeel) oy
ox,

C determines the vortex strength. R is the vortex radius (Rutland & Ferziger 1989).
Figure 4(b) presents the fields of vorticity w(z,y,t = 0), longitudinal velocity u,(z, y,
¢t = 0) and transverse velocity u,(x,y,t = 0) for r/l3 = 4.8 and «’(r)/s}, = 28. Dashed
lines indicate negative values. The maximum velocity «’(r) used to characterize the
pair is obtained in this case close to the axis for #,. The lengthscale r used to
characterize the vortex pair is the sum of the vortex diameter d and the distance
between vortex centres (figure 4a).

Typical calculations have been performed for 0.8 < r/l§ < 12 and 0. < u’(r)/s} <
100. Corresponding Reynolds numbers of the vortex pair (u’(r) r/v) vary between 0
and 3000. Note that since we solve for only one vortical structure, the maximum
Reynolds number reached in these computations may take relatively high values.
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3.4. Flame stretch and flame speeds

Flame front dynamics are often described in terms of flame speed. For a premixed
flame, two flame speeds may be defined (i) The displacement speed S, is the speed at
which the flame is moving along its normal with respect to the flow of fresh gases.
(i1) The consumption speed S, is the speed corresponding to the mass flow rate of fresh
gases consumed through the flame front and is defined by
+a0

PYLS, = J wdn, (19)
where 4 is the mass of reactant consumed per unit volume and unit time and p? is
the density of the unburnt gases. The integration in (19) is performed along the
normal % to the flame front.

In the case of a planar steady laminar flame, these two quantities are equal to the
unstretched planar laminar flame speed s} (84 = S, = s%). In more general situations
(for example, for strongly curved flames) S, and §, may be very different. For flame
tips of Bunsen burners, values of 8,/sf. of the order of ten are easily reached (Lewis
& Von Elbe 1987) while 8,/st remains close to unity (Poinsot, Echekki & Mungal
1991).

A flame front propagating in a non-uniform flow is submitted to strain and
curvature effects which lead to changes in the flame area A (Williams 1985 ; Matalon
1983). These changes are measured by the flame stretch (1/4)(d4/d¢). A simple
general expression of the flame stretch is (Candel & Poinsot 1990):

1dd
A dt

where v is the flow velocity and V,-v is the strain in the plane parallel to the flame
front. n is the vector normal to the flame front, directed from the fresh gases towards
the burnt products. For two-dimensional configurations and flames which are convex
towards the fresh gases, the term V-n is the inverse of the radius of curvature E.
Therefore, the flame stretch is the sum of two terms: the first term V,-v repre-
sents the effects of strain and is due to the flow non-uniformities while the second
S4V-n=S4/R represents the effects of curvature. When (1/4)(d4/d¢) > 0, the
flame front is positively stretched (in most cases, we will call it only ‘stretched’). The
simplest example of positively stretched flame is the planar stagnation point flame.
When (1/4)(dA4/dt) < 0, the flame front is negatively stretched (we will call is
‘compressed’). A typical example of compressed flame is a flame front curved
towards the fresh gases.

It is important to remember that stretch includes the effects of strain as well as
those of curvature. This point may lead to some confusion regarding the effects of
these parameters. Two different questions must be answered:

(i) Is stretch the only parameter needed to characterize the behaviour of a
flamelet ? In the case of small stretch values, asymptotic studies show that stretch is,
indeed, the only scalar controlling the displacement flame speed (Clavin & Williams
1982; Clavin & Joulin 1983) but the extension of this result to high stretch values has
no rigorous basis. Furthermore, this relation has been derived for the displacement
speed but no result is available for the consumption speed, which is the quantity of
interest in flamelet models (Candel et al. 1990; Cant & Bray 1988).

(ii) If the answer to question (i) is positive, what is the most important parameter
in stretch: strain or curvature ?

=V, .0—-8,V-n. (20)
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Most flamelet models for premixed turbulent combustion (Williams 1985; Candel
et al. 1990; Cant & Bray 1988) consider that (i) stretch is the only parameter
controlling flame dynamics but also that (ii) curvature has a negligible contribution
to stretch in (20). In such models, the flame front is viewed as a collection of strained
planar laminar stagnation point flames. The same idea was used in the analysis
performed in §2.1 to derive the Klimov-Williams criterion: (i) only stretch was
considered and (ii) stretch was assumed to be equal to strain with no correction
provided for curvature. To be rigorous, the word stretch used in §2.1 should be
replaced by ‘strain’ because stretch was not estimated in this analysis. One of the
goals of the present work will be to investigate questions (i) and (ii) using direct
simulations.

From (20), we can rewrite the Karlovitz number given by (1):

ko= WA/ _Bq , S)

8t /le & R

We will compute the Karlovitz number Ka and the consumption flame speed S, on
the symmetry axis of the computational domain (figure 4a) to examine the
relationship between flame stretch and the consumption flame speed.

Note that the flame stretch and the Karlovitz numbers ((20) and (21)) are defined
for flames which are thin compared to the flow scales, i.e. for an infinitely fast
chemistry. With finite-rate chemistry, as will be the case in this work, the evaluation
of stretch requires us to define in which plane we estimate the terms of (20). In this
paper, the strain term V,-v is evaluated at the location of maximum reaction rate.
The displacement speed is obtained by subtracting the speed of the flame front
(measured from the simulation) from the flow speed upstream of the thermal zone.
We will use these estimates for our simulations as long as the evaluation of the flame
displacement speed S, and the flame curvature B can be done without ambiguity.
For flames interacting with small vortices (like in §4.2.2), the Karlovitz number of (21)
becomes less significant. This corresponds to the fact that a flame can be ‘stretched’
only by structures whose characteristic size is greater than the flame thickness.

(21)

4. Examples of flame/vortex interactions

This section presents typical aerodynamical interactions between a vortex pair
and a laminar flame front. To start the simulation, the structure of the unstretched
laminar flame is required. This structure is computed using a one-dimensional
version of the code. The initialization of this one-dimensional computation
corresponds to an adiabatic flame (¢ = 0) with unity Lewis number (Le = 1) and
constant viscosity and diffusion coefficients (b = 0). The values of Le, b and ¢ are then
assigned and a new steady state is reached, providing the unperturbed one-
dimensional flame structure. Table 1 gives the values of the laminar flame speed s},
of the maximum reaction rate wu},, and of the maximum temperature 77
corresponding to a plane flame for different values of Le, b and c¢. The other
coefficients are fixed: Pr = 0.75, & = 0.75 and g = 8. The parameters s}, W}, and T}
are normalized by their values 89, 4%, and T, for the adiabatic flame with constant
diffusion coefficient and unity Lewis number. Two Lewis numbers, 1.2 (§4,1) and 0.8
(§4.2), are considered in this study. For both cases, the heat-loss coefficient is ¢ = 1074
and the temperature exponent of the viscosity is b = 0.76.



Quenching processes and premixed turbulent combustion diagrams 579

Adiabatic flame + constant diffusion coefficients (¢ =0, b = 0)

Lewis number 0.8 1.0 1.2

si/st 0.935 1.0 1.069

/T, 1.0 1.0 1.0

Wi S0 0.89 1.0 1.08

Adiabatic flame + variable diffusion coefficients (¢ = 0, b = 0.76)

Lewis number 0.8 1.0 1.2

8%/ 1.52 1.59 1.69

Ts/T, 1.0 1.0 1.0

W /W0 s 0.90 1.0 1.18

Non adiabatic flame + variable diffusion coefficients (¢ = 0.0001, b = 0.76)

Lewis number 08 1.0 1.2

& /s? 0.99 1.21 1.36

/T, 0.923 0.941 0.95

W/ W e 0.43 0.61 0.78

TaBLE 1. Laminar flame computations for a = 0.75, § = 8.0 and Pr =0.75

4.1. Flame/vortex interactions for Le = 1.2

First consider the case of a Lewis number larger than unity (Le = 1.2). In this case,
a positive flame stretch induces a decrease of the flame speed (figure 1). The flame
speed s¥ is given by s}/a = 0.0136, where a is the sound speed. The speed of the
corresponding adiabatic flame with constant diffusion coefficient is s} /a = 0.01 (table
1) and the pre-exponential constant % is 130.

The unperturbed laminar flame structure is displayed in figure 6. The flame front
thickness 1% is 3.7v/s} (I} is defined by l% = (T —T))/Max (d7'/dx). The 3.7 factor
appears because the viscosity is not constant and because the Lewis number differs
from unity). The temperature variation of the diffusion coefficient increases the flame
speed while heat losses decrease it. Heat losses are quite high, as shown in figure 6 (a).
The reduced temperature & = (T—1T,)/(T,—17,) reaches a maximum of
(Ty—T,)/(T,—T,) = 0.95 in the reaction zone (instead of 1 for an adiabatic flame)
and decreases rapidly downstream to reach 0.6 at the downstream boundary. The
maximum reaction rate w,, is 0.78w%,..

From the large set of simulations, three examples of interactions have been
selected. In the first case (§4.1.1) the characteristics of the vortex pair are such that
quenching of the flame front is obtained. This example shows that stretch induced
by vortices may effectively quench a flame front and thereby supports the analogy
between laminar stagnation-point flames and turbulent flames. Another outcome of
the interaction is described in §4.1.2 where a pocket is formed without quenching the
flame front. This case reveals that the quenching process is, indeed, controlled by the
value of the Karlovitz number, at least for large vortices. However, the simulation
shows that the interaction may involve more than strain effects. It is then shown in
§4.1.3 that curvature and viscous dissipation also play important roles when the
vortex size diminishes.

4.1.1. Flame quenching by a vortex pair for Le = 1.2.

We consider first a case where the vortex pair size and speed are sufficiently large
to induce quenching of the flame front (r/l% = 4.8 and «/(r)/s!, = 28). Figures 7 and
8 display the reaction rate (@) and the temperature fields at four instants. The
temperature is non-dimensionalized using the fresh mixture temperature 7, and the
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Fi1cUure 6. Laminar flame structure for Le = 1.2, ¢ = 1074, b = 0.76.

maximum temperature 77 for the laminar unstretched flame given in table 1. Time
is normalized by the characteristic time of the flame 7% = 19 /sl : ¢+ = ts¥ /I%. 78 will be
designated as the ‘flame time’ throughout this paper. At each instant, the maximum
values of w/w},, (figure 7) and of T'/Ty (figure 8) are given next to the corresponding
graphs.

The interaction is fast and ends after about two flame times. At t* = 0.8, the
vortex pair has stretched and curved the flame but its inner structure is preserved.
No quenching is observed (figure 7a). At t* = 1.6, quenching appears on the
downstream side of the pocket of fresh gases formed by the vortex pair. These gases
are pushed rapidly into regions where the burnt gases have been cooled because of
heat losses (figure 85). This effect, combined with the high positive stretch generated
by the vortices, causes a nearly complete extinction of the pocket after it has been
separated from the bulk of the fresh gases (figure 7¢). At times t* = 2.0 and 2.4, the
pocket of fresh gases is convected through the burnt gases without burning except
near its tail (figures 74 and 8d).
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FicurE 7. Reaction rate fields at four instants for an interaction leading to quenching with
Le=1.2 (r/I5 = 4.8 and «'(r)/s} = 28).

Instantaneous characteristic values of combustion may be evaluated on the
symmetry axis: the Karlovitz number Ka, the maximum reaction rate and the
consumption flame speed S, are respectively displayed in figures 9(a), 9(b) and 9 (c).
The Karlovitz number is defined by (21) and its expression requires calculations of
the displacement speed and of the radius of curvature of the front. Because of the
high computational cost of these estimates, the Karlovitz is computed only at certain
instants of the computation. The flame speed S, is defined by (19) where the
integration limits are z; = 0 and z, = L. It is meaningful when a single flame front
crosses the symmetry axis. After the flame fronts which were wrapped around the
vortex merge on the axis (figure 7¢), this quantity loses its initial meaning.

The absolute maximum reaction rate in the complete flow field is also displayed in
figure 9(b). The reaction rate and the flame speed in figures 9(b) and 9(c) are
normalized by their unstretched values w3, and s}. After * = 0.8, the Karlovitz
number evaluated on the symmetry axis is larger than unity (figure 9a). However,
the flame speed is still 0.6 times its unstretched value (figure 9¢). For such a
Karlovitz number, an analysis based on steady planar stagnation-point flames with
heat losses would predict complete extinction (figure 1). The fact that the flame still
exists (figure 7a) despite such a high Karlovitz number illustrates the importance of
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Ficure 8. Temperature fields at four instants for an interaction leading to quenching with
Le =12 (r/l} = 4.8 and u'(r)/s}, = 28).

transient dynamics: the flame speed decreases more slowly than the flame stretch
increases. Eventually, as the Karlovitz number reaches 3 at ¢* > 1.5, the flame is
pushed towards cooler gases (figure 8¢) and complete extinction occurs at ¢t = 1.8
(figure 9¢). This interruption of combustion on the symmetry axis is only temporary
because the tails of the flame, which have been wrapped around the vortex pair,
merge on the axis and allow the flame front to reconnect (figures 76 and 7c).
However, the pocket of fresh gases trapped in the products does not immediately
reignite because it is surrounded by gases whose temperature is¢lower than the
adiabatic temperature.

A remarkable feature of this case is that the flame is not only quenched locally by
the vortex pair but that some of the unburnt mixture is also able to cross the reactive
front. Although the flame front is reconnected at t* = 2, this configuration is not of
any flamelet type as defined in §1. It is possible to go from a point A (in the pocket
of fresh gases trapped in the products), to a point B (in the burnt products) without
crossing an active flame front (figures 7d and 8d). This flow does not belong to the
flamelet class because the interface between fresh and burnt gases does not coincide
with the flame front.
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Fieure 9. (a) Karlovitz number, (b) maximum reaction rates and (¢) consumption flame speed

on the symmetry axis for an interaction leading to quenching with Le = 1.2 (r/li =4.8 and
(w'(r)/sy = 28).

In practice, the mechanism described in this subsection could be responsible for
some of the pollutant formation in turbulent flames (i.e. the presence of unburnt
hydrocarbons in automobile exhausts). Note also that the unburnt mixture which
has crossed the flame front will mix later with the burnt gases behind the front
without burning, thereby lowering the product stream temperature even more and
promoting faster quenching for other turbulent structures. As a result, the local
quenching mechanism described here might eventually lead to a complete quenching
of the turbulent flame. The transition from a locally quenched flame front to global
extinction depends on the number of vortices interacting with the flame front per
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Fioure 10. Reaction rate fields at four instants for an interaction leading to pocket formation
with Le = 1.2 (r/ly = 5 and «/(r)/s} = 12).
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0.18,

unit time (or on the energy spectrum of the turbulent flow). Such statistics may be
evaluated using a multi-fractal approach to construct a model for global quenching
(Meneveau & Poinsot 1991). However, the precise limit for which local quenching
leads to global extinction needs more investigation. For example, direct simulations
of fully turbulent reactive flows or experiments with a collection of vortices
interacting with a laminar flame front would be of great interest.

While the flame front is stretched on the symmetry axis, it is also compressed at
the same time in other regions of the flow (figure 7 and 8). The latter process has
small effects in the present case (Le = 1.2). The absolute maximum reaction rate
(figure 9b) only slightly exceeds unity. The vortex pair quenches the flame front on
the axis without increasing the reaction rate in other parts of the flow. The total
reaction rate in the computation domain increases during the interaction: the flame
speed is locally lower an the axis but the available flame surface notably exceeds that
corresponding to an unstrained flame. For the present case, the maximum total
reaction rate occurs at a flame time t* = 2.5 and reaches 4 times its unperturbed
value.
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Ficure 11. Temperature fields at four instants for an interaction leadlng to pocket formation
with Le = 1.2 (/I3 = 5 and u'(r)/s? = 12).

4.1.2. Pocket formation without quenching for Le = 1.2

In the previous example, a pocket of unburnt gases was created by a local
quenching of the flame front. Pocket formation may also occur without quenching.
For a vortex pair of the same size as before but with a lower rotation speed (r/l% =
5 and u'(r)/st = 12), a pocket of fresh fluid is created in the burnt stream (figure 11)
but this pocket is surrounded by an active flame front which is never quenched
(figure 10). The pocket created at t* = 2.3 is pushed into the burnt gases but its
border is not stretched enough to be quenched (figure 10¢). The fresh gases contained
in the pocket in figures 11 (c) and 11(d) are rapidly consumed as they are convected
downstream. This configuration belongs to the regime of corrugated flame sheets.

Time variations of the Karlovitz number on the axis (figure 12) show a maximum
value around 1. After t* = 1.2, the Karlovitz number decreases and reaches negative
values, indicating that the flame is slightly compressed. This is due to the fast decay
of the strain term and to the increase of the curvature term in (21). This behaviour
differs from that presented in the previous section. Here, the initial straining field is
too weak to quench the flame front before it becomes strongly curved. After t* = 1.2,
the radius of curvature is small enough to prevent quenching. The minimum flame
speed on the axis is 0.7 times the unperturbed flame speed (figure 12¢) and the
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FicUrE 12. (a) Karlovitz number (b) maximum reaction rates and (c) consumption flame speed on
the symmetry axis for an interaction leading to pocket formation with Le = 1.2 (r/lz =5 and
w'(r)/sy = 12).

maximum reaction rate on the axis is reduced by only 50% (figure 12b). A
comparison between this case and the previous one shows that Ka(r) = 1 seems to
indicate the quenching limit. In §4.1.1, the Karlovitz number reaches 1 rapidly and
continues to grow until quenching is obtained while the present case gives a
maximum Karlovitz number of 1 and no quenching is observed. However, time-
dependent effects delay the response of the flame, and curvature clearly plays an
important role. Therefore, the quenching limit Ka(r) = 1 is valid only for large
vortices, which have a long lifetime and induce little flame curvature, as will be
shown in the next section.

The present case also shows that the pocket of fresh gases in the burnt stream is



Quenching processes and premixed turbulent combustion diagrams 587

(a) Flame time = 0.4, Max = 0.91

- e
—> —_—
— —_—
—> —_
— ——
— —_
— —
—> —_—

Ficure 13. Reaction rate fields at four instants for an interaction where curvature prevents
quenching with Le = 1.2 (r/I% = 1.6 and u'(r)/s% = 28).

not submitted to quenching because it is strongly curved. This suggests that only
small pockets of fresh gases can be formed without quenching the flame front (at
least locally).

4.1.3. The effect of curvature and viscosity for Le = 1.2

The occurrence of quenching is a strong function of the turbulent eddy size. Large
vortices always lead to quenching if their characteristic stretch is higher than the
extinction stretch (Ka(r) > 1). However, when the vortex-pair size diminishes,
thermo-diffusive processes and viscosity effects become significant.

For a Lewis number of 1.2, thermo-diffusion effects are stabilizing. They inhibit
the formation of pockets of fresh gases inside the burnt gases by increasing the flame
speed at the time of flame fronts which are convex with respect to the fresh gases.
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FiecurE 14. Temperature fields at four instants for an interaction where curvature prevents
quenching with Le = 1.2 (r/I% = 1.6 and u'(r)/s} = 28).

Simulations show that, when r/l% decreases, local quenching of the flame front
becomes more difficult because the flame speed is increased by curvature but also
because vortices are rapidly dissipated by viscosity. The flame speed decrease related
to strain is compensated by the flame speed increase due to the stabilizing effect of
the thermodiffusive mechanism.

As an example, consider the case of figures 13—-15. The vortex pair has the same
velocity as in the calculation of §4.1.1 (where quenching was obtained) but its size
is smaller (r/I% = 1.6 and u'(r)/s% = 28). This vortex pair generates a higher strain
than the pair used in §4.1.1 but also a higher curvature. Therefore, the Karlovitz
number defined by (21) is lower than in the previous sections and reaches a maximum
value of 0.6 at a reduced time ¢t = 0.4 before it becomes negative after t* = 0.4
(figure 15). No flame quenching is observed (figure 13). The radius of curvature of the
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Ficure 15. (a) Karlovitz number, (b)) maximum reaction rates and (¢) consumption flame speed on
the symmetry axis for an interaction where curvature prevents quenching with Le = 1.2 (r/l} =
1.6 and «/(r)/s} = 28).

flame front is of the order of the reaction zone thickness and combustion is notably
enhanced on the axis (figure 14). Negative values of the Karlovitz number evaluated
on the axis show that the tip of the pocket is compressed instead of being stretched
(figure 15). This configuration is, in fact, similar to the flame tip of a Bunsen burner
for which it is well known that a Lewis number larger than unity may create high
temperatures and large flame speeds (Mizomoto ef al. 1984 ; Poinsot et al. 1990).
The influence of curvature is not felt during the first instants of the interaction.
Between t* = 0 and ¢* = 0.5, the flame is affected by the high straining rate and the
flame speed on the axis decreases slowly as predicted from asymptotic studies of
laminar stagnation point flames (Libby et al. 1983). After t* = 0.5, the flame front is
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Fiaure 16. Reaction rate fields at four instants for an interaction leading to quenching with
Le=1038 (r/ly = 3.9 and «'(r)/s} = 36).

sufficiently curved so that the thermo-diffusive effect is stronger than the effect of
strain. This yields a negative value of the stretch (figure 15a) as well as an increase
of the consumption speed on the symmetry axis (figure 15¢). Furthermore, the
vortex pair is being dissipated by viscosity very rapidly because of its small size. At
t" = 1, the maximum vorticity is only 0.02 times its initial value and the maximum
reaction rate as well as the flame speed on the axis reach twice their unstretched
plane values (figures 15b and 15¢). As a result, the flame front propagates upstream
at high speed and progressively relaxes to its original position (figure 13d).

The interaction of small vortices with the flame front appears to be dominated by
viscous and curvature effects, more than by strain. Note however, that the time
variations of the total stretch (which includes strain and curvature term, (21)) are
fairly well correlated with the time variations of the consumption flame speed on the
symmetry axis for all cases described in this Section (figures 9, 12 and 15). Increasing
total flame stretch yields decreased consumption flame speeds. This indicates that
the total flame stretch may be a meaningful quantity to correlate the flamelet
consumption speeds as a function of the turbulent characteristics. However, the
estimation of the flame stretch requires values of strain, displacement speed and
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Ficure 17. Temperature fields at four instants for an interaction leading to quenching with
Le=0.8 (r/l& = 3.9 and u'(r)/s}, = 36).

curvature (equation (20)). How to evaluate these quantities from an averaged
description of the turbulent flow remains an open question.

4.2, Flame/vortex interactions for Le = 0.8

The Lewis number used throughout the previous section was 1.2. When the Lewis
number is smaller than unity and heat losses are small, flame stretch will increase the
flame speed. As confirmed by the experiments of Ishizuka & Law (1982), such flames
may be extinguished only by incomplete reaction, for example, by pushing the flame
against a solid surface (figure 1). In this case, combustion stops when the flame
reaches the solid surface and such phenomena are unlikely to occur in turbulent
flames where flame elements move freely to adjust to excessive strain rates. One
may then expect that flames with Le < 1 may be quenched by stretch only in the
presence of significant heat losses. This aspect is now examined by submitting a flame
with a Lewis number of 0.8 to the vortex pairs used in §4.1. The heat-loss coefficient
is the same as in §4.1.1 (c = 107*) and the diffusion and viscosity coefficients vary
with temperature (b = 0.76). The speed of this flame is s}/a = 0.0099 and its
thickness I3 is 1.2 times the thickness of the Le = 1.2 flame.
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Fieure 18. (a) Karlovitz number, (b) maximum reaction rates and (¢) consumption flame speed
on the symmetry axis for an interaction leading to quenching with Le = 0.8 (r/l% = 3.9 and
w'(r)/sf = 36).

4.2.1. Flame quenching by a vortex pair for Le = 0.8

Consider the vortex pair defined in §4.1.1. Because of the lower flame speed and
greater flame thickness for Le = 0.8, the interaction of this pair with the flame front
corresponds to r/l% = 3.9 and «'(r)/sf = 36. When Le = 0.8, this interaction leads
again to the formation of a pocket of fresh gases surrounded by a quenched flame
front but the flow evolves more rapidly (figures 16-18). The pocket is shed at * =~
1 before quenching takes place (figure 165, c). The flame speed on the symmetry axis
always remains close to unity (figure 18¢). The initial flame front structure is
recovered before any quenching takes place. This behaviour is due to thermo-
diffusive mechanisms which increase the flame speed and the absolute maximum
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Ficure 19. Reaction rate fields at four instants for a strongly curved flame with
Le=0.8 (r/ly = 1.4 and u'(r) /st = 36).

reaction rate (figure 18b) on the upstream tails of the flame front and allow these
flames to rapidly merge on the axis. However, the pocket of fresh gases is not able
to sustain combustion at its tip because of heat losses. The tip is quenched after
t" = 1.2 (figures 16¢ and 17¢) and the complete pocket border is quenched at time
t* = 1.6 (figures 16d and 17d). Although the details of the interaction are different for
Le = 1.2 (figures 7-9) and Le = 0.8 (figures 16-18), the overall result is the same and
quenching occurs in both cases. Quenching is in this case controlled by heat losses
more than by Lewis number effects.
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Ficure 20. Temperature fields at four instants a strongly curved flame with Le = 0.8
(r/l3 = 1.4 and o/(r)/s} = 36).

4.2.2. The effect of curvature and viscosity for Le = 0.8

Flame curvature decreases the flame speed when Le < 1. This mechanism is the
source of the well-known thermo-diffusive instabilities which lead to the formation
of cellular structures in premixed laminar flames (Williams 1985 ; Clavin & Williams
1982). This fact suggests that small vortices might be able to locally quench a flame
front when Le < 1. This hypothesis is first tested by computing the interaction
between the same vortex pair as in §4.1.2 (r/l§ = 1.4 and u'(r)/s? = 36) and a flame
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Fieure 21. (¢) Karlovitz number, (b)) maximum reaction rates and (c) consumption flame speed
on the symmetry axis for a strongly curved flame with Le = 0.8 (r/l3 = 1.4 and u'(r)/s}, = 36).

with Le = 0.8. Results are displayed in figures 19-21. While this configuration
confirms the expected trend (the flame speed is decreased on the axis to a value of
0.6s% (figure 21c¢)), no quenching occurs (figure 19). As in the previous case, thermo-
diffusive mechanisms increase notably the flame speeds of the left-most elements of
the flame. The absolute maximum of the reaction rate is obtained at these locations
and reaches 1.7w%%,. (figure 215). While the tip of the flame is highly curved and
starts being quenched (figure 20¢), the flame front elements located on the sides of
the structure propagate at high speed towards the axis. This leads to a complete
consumption of the pocket of fresh gases before any quenching may take place. The
interaction proceeds at a fast pace and is over after less than one flame time. The
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Karlovitz number (figure 21a) is not computed at t* = 0.4 because the flame
structure is too thick compared to the flow scales to yield a meaningful expression of
the total stretch (equation (20)).

If a smaller vortex is used to increase the effects of curvature, the power of the
vortex P(r) = (r/I%)? is decreased and simulations show that the resultant vorticity
field is rapidly dissipated by viscosity. If the vortex rotation speed is increased, the
stretch induced on the flame front also increases and enhances the flame speed on the
axis. Different configurations were also tried in which the vortices were turning in the
opposite direction and were compressing the flame front. In this case, their self-
induced velocity pushes the pair upstream, away from the flame front. Altogether,
no quenching by small vortices was obtained when Le = 0.8. Once more, as far as
quenching is concerned, this conclusion is similar to that obtained for Le = 1.2.
However, the processes governing flame/vortex interactions for Le = 1.2 and 0.8 are
different. For Le = 1.2, because of curvature, the flame speed at the tip of the pocket
increased by a factor of two (figure 15), preventing any quenching and bringing the
flame front back to its initial planar shape. For Le = 0.8, the flame speed at the tip
of the pocket decreases with time (figure 21). The reason why quenching does not
occur in this situation is the high consumption speeds on the tails of the flame (due
to thermo-diffusive mechanisms) which lead to a collapse of the structure when the
tails merge on the symmetry axis.

5. The spectral diagram and the new turbulent combustion diagram
5.1. The spectral diagram for Le = 1.2

We have examined in §4 different examples of interaction between a vortex pair
and a laminar flame front. Depending on the scale r and on the vortex pair maximum
velocity u’(r), the calculations indicate that the interaction may lead to different
results: a local quenching of the front (with or without pocket formation); the
formation of a pocket of fresh gases in the burnt gases without quenching ; a wrinkled
flame front; a negligible global effect without noticeable flame wrinkling or
thickening.

These results are summarized in the spectral diagram of figure 22. Points 1, 2 and
3 correspond respectively, to the flame quenching case (§4.1.1), the pocket formation
case (§4.1.2) and the curved flame case (§4.1.3). The diagram was plotted for Le =
1.2 (owing to the high value of heat losses used in this work, the effect of Lewis
number is weak and the diagram for Le = 0.8 would be very close to the one
presented in figure 22 for Le = 1.2.)

Two curves are also plotted in this diagram. (i) The quenching curve distinguishes
vortices which locally quench the flame front. It is fitted to the data points for
0.81 <r/l} < 11 and extended for large vortex sizes r/l§ > 11 to match the line
Ka(r) = (¥'(r)/r)/(s}/l%) = 1. This asymptotic procedure is adopted because large
vortices stretch the flame front as in a stagnation-point flow. The strain rate is
sustained for long times and little curvature is induced. Therefore, quenching by
large structures is only determined by the ratio of vortex-induced stretch to critical
flame stretch and occurs when Ka(r) = 1. (ii) The cutoff limit corresponds to vortices
which induce a maximum modification of the total reaction rate of 5%. No
calculations were performed for r/I% > 5 so that the position of the cutoff limit in this
region is uncertain.



Quenching processes and premixed turbulent combustion diagrams 597

102

10t |

10°

10! 100 161 102
r/lg
Ficure 22. Spectral diagram deduced from direct simulations for Le = 1.2, b = 0.76, ¢ = 0.0001,

a=0.75 and § = 8. @, Quenching; [, pockets; &, wrinkled; ll, no effects; , cutoff limit;
——, quenching limit.

5.2. Construction of the premized turbulent combustion diagram

The spectral diagram displayed in figure 22 may be used to deduce a premixed
turbulent combustion diagram under the following assumptions: (i) turbulence in the
fresh gases follows the Kolmogorov relation «'(r)3/r = ¢; (ii) a single vortex structure
interacts at a given time with the flame front; (iii) any turbulent structure located
in the quenching zone of the spectral diagram will locally quench the flame front and
induce a distributed reaction regime.

These assumptions are rather crude. For example, it is clear that turbulent scales
in the quenching zone will not quench the flame front if the energy density
corresponding to these scales is too low. Therefore assumption (iii) is probably not
satisfied. A more precise approach would consist in introducing a probability density
function (p.d.f.) for the different scales or for the strain rates they impose on the
flame front (Cant & Bray 1988; Abdel-Gayed, Bradley & Lau 1988; Meneveau &
Poinsot 1991). However, to first order, it is reasonable to assume that the existence
of one structure able to quench the flame front is sufficient to lead to a partially
quenched flame front (even though this structure might not be statistically present
at all times). This hypothesis leads to a ‘maximum quenching’ interaction diagram.
More complex criterions for quenching are derived in Meneveau & Poinsot (1991).

Another important limitation of the present approach is also found in the range of
small and energetic scales. In this case, the interaction between many small vortices
and the flame front is difficult to assess from the behaviour of a single vortex pair.
A study of the well-stirred combustion regime would therefore require a simulation
of a complete turbulent reacting flow.

Under the previous assumptions, constructing the turbulent combustion diagram
is straightforward. A turbulent field of type B (figure 23) will contain scales which
will act on the flame front in different ways: eddies whose sizes are between the
Kolmogorov scale and the cutoff scale (dashed line) will be inefficient and will not
affect the flame front at all. Vortices larger than the cutoff scale (solid line) will be
able to affect the flame front, to wrinkle it or to form pockets but be unable to induce
local quenching. Point B with therefore correspond to an extended flamelet regime.
In the case of field A, even the integral scale will lack the energy to interact with the
flame front and the latter will remain pseudo-laminar. Turbulent field C contains
scales that are capable of locally quenching the flame front (double-width solid line).
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Fiourk 23. Construction of the diagram for turbulent premixed combustion (b) using the
spectral diagram (a) for Le = 1.2, b = 0.76 and ¢ = 0.0001.

Note that these scales are larger and faster by orders of magnitude than the
Kolmogorov scale 7, while the Klimov-Williams approach assumes that eddies of
size 7 are able to induce flame quenching. Type C turbulence will correspond to a
distributed reaction regime. The distributed reaction regime limit is obtained by
taking the tangent with a slope of } to the quenching limit of the spectral diagram.
Comparing this diagram (figure 23b) with the standard turbulent combustion
diagram (figure 3a) reveals that the domain where distributed reaction sheets may
be expected has moved at least an order of magnitude towards more intense fields.

It is possible now to discuss further the influence of the heat losses. The value of
the heat-loss coefficient used in this study is high enough to consider it as a maximum
in most practical flames. Therefore real flames will exhibit less quenching and the
spectral diagram, as well as the final turbulent combustion diagram, will move
towards more intense fields as shown in figure 24. The limit of the extended flamelet
regime is dependent on heat losses but in all cases, the domain of applicability of
flamelet modelling will be much larger than expected from classical turbulent
combustion diagrams. Moreover, flames with low heat losses and a Lewis number
lower than unity will be very difficult to quench and might always be in an extended
flamelet regime.
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5.3. Characteristic scales in premixed turbulent combustion

Different, characteristic scales may be extracted from the spectral diagram (figure
23a): the cutoff scale and the quenching scale.

The cutoff scale [, is obtained at the intersection of the turbulence line with the
cutoff limit. It corresponds to the smallest scale that may influence the reaction rate
in a noticeable way. It is the length that should be used in a fractal estimate of the
flame area. Its value is determined mainly by viscous and thermo-diffusive effects
and not by heat-loss mechanisms. A best fit derived from the calculations is

% =0.2+5.5/€", (22)
F

where et = €l /s!? is the reduced dissipation rate. Note that the Kolmogorov scale 7
is
0/l =1/e% (23)
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The cutoff scale may also be expressed in terms of the Kolmogorov scale 7 and the
integral Reynolds number Re, by

loutorr _ 0-74' 163 (u_')% 24)

7 Rei 8} " Refr\st)’
Note that the derivation of (24) from (22) is done by using s} I%/v = 3.7.

The cutoff scale is always larger than 0.2[% (see (22)). It is also larger than the
Kolmogorov scale » even when % is larger than the flame front thickness Ig.
Kolmogorov scales do not carry enough energy to affect the flame front in any
situation. These results are in agreement with the experiments of Shepherd, Cheng
& Goix (1989) showing that the cutoff scale in premixed turbulent stagnation-point
flames is much larger than the Kolmogorov scale.

Other expressions for cutoff scales may be found in the literature (Peters 1986 ;
Gouldin et al. 1989). The well-known Gibson scale I; proposed by Peters (1986) is
defined by I; = s{3/e or

lo/lg =1/¢*. (25)

Figure 23(a) shows all relevant scales (lg, 7, Ig, loyon and ) in a case without
quenching where ¢* > 1 (case B in figure 23a). The Gibson scale I; is lower than the
Kolmogorov scale 7 and does not constitute a physically meaningful quantity in this
case.

The difference between the arguments used by Peters to derive the Gibson scale
and the present analysis comes from the fact that Peters assumes that a given vortex
will interact efficiently with the flame front when its velocity is equal to the flame
speed. This assumption neglects essential effects related to the vortex/flame
interaction such as dissipation of small vortices by viscosity and the influence of
transient dynamics and curvature. Although the Gibson scale might give better
results for lower turbulence intensities, expression (22) appears to be more physically
meaningful in most cases. The determination of the cutoff scale is important for
many approaches of premixed turbulent combustion and experiments with high
spatial resolution would be needed to allow comparisons with model predictions.

The quenching scales are the cross-points between the turbulence line and the
quenching limit. They represent the sizes of the smallest and largest vortices which
are able to locally quench the flame front (figure 23a). The existence of two scale
limits for quenching is an interesting outcome of the analysis. Large vortices will not
quench the flame front because their stretch is too small (Ka(r) < 1). On the other
end of the spectrum, small scales will also be unable to quench the flame because their
power is too small or because they create strongly curved flames (both effects are
characterized by P(r) < 1).

While the cutoff scale may be defined in each case, the quenching scales do not
exist for all turbulent fields. Turbulent field D in figure 23 (a) corresponds to the
minimum turbulence intensity for quenching. This leads to a simple quenching
criterion:

7 /uy3
+ = (ul;‘lguL) > 10 or u’/s{ > 4Re}® (26)
F

and Re, = u'l/v > 250. (27)

€

Equations (26) and (27) set minimum values for quenching on the reduced
dissipation rate ¢* and on the Reynolds number Re, respectively. These correlations
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may be compared with the experimental relations established by Abdel-Gayed &
Bradley (1989) in a study of quenching of premixed flames in fan-stirred bombs.
These authors indicate that for Re, > 300, partial quenching occurs when u’/s} >
2Re!-* and total flame quenching for w'/s} > 3Re?-?>. While heat losses are certainly
present in the experiment, their influence was not documented. Therefore, although
condition (26) gives the same functional dependence as Abdel-Gayed & Bradley’s
results, the values of the proportionality coefficient (4 for direct simulation, 2 or 3 for
experimental results) are difficult to compare. For values of Re, lower than 300,
quenching is still obtained in experiments but the data cannot be correlated using a
functional dependence similar to (26). Our results suggest that quenching for Re;, <
300 is not due to stretch, for which we find a lower limit of Re, = 250, but more
probably to purely thermal processes. However, quenching scales are strong
functions of heat losses and more experimental results correlating heat losses with
quenching in premixed turbulent flames would be needed to assess this point.

6. Conclusion

This paper presents new results on some fundamental mechanisms governing
premixed turbulent combustion. The analysis includes curvature, viscous and
transient effects as well as a simple model for volumetric heat losses. It uses direct
simulation to describe the interaction between a flame and a vortex pattern.

The variations of the consumption speed of flamelets and the existence of
quenching in premixed turbulent flames are investigated by studying the interaction
of a vortex pair with a laminar flame front. Most flamelet models assume that (i)
quenching in a turbulent premixed flame is controlled by stretch and that (ii) strain
alone may be used to evaluate stretch. Therefore, quenching in turbulent flames is
studied like quenching in a planar stagnation-point flame. However, laminar
stagnation-point flames are planar and submitted to a constant stretch while flame
elements in a turbulent flame are curved and submitted to variable stretch.

For a Lewis number of 1.2 and strong heat losses, the present results show that the
analogy between turbulent flame elements of size r and stagnation-point flames is
valid for large vortices (typically r/I§ > 5 if r is the vortex pair size and [} is the
unstretched laminar flame thickness). These large structures may quench a flame
front if the strain they induce on the flamc is larger than the critical strain for
extinction of a stagnation point flame (Ka(r) = [w'(r)/r]/[s1/1%] > 1). However, the
interaction between small vortices (r/l% < 5) and a flame front is controlled by
curvature and viscous effects more than by strain. Very small vortices (/I3 < 0.5)
are dissipated by viscosity too rapidly to influence the flame front significantly.
Vortices whose size is of the order of the flame front thickness (r/l% = 0.5 to 5) induce
high curvatures which prevent quenching because thermo-diffusive mechanisms
counteract the influence of strain. The first implication of these results for flamelet
modelling of premixed turbulent combustion is that planar laminar stagnation-point
flames are correct models for turbulent flamelets only when the radius of curvature
of the turbulent flame front is larger than five times the laminar unstrained flame
thickness (r/l§ > 5) and stretch is controlled by strain only (not by curvature). Below
this limit (when »/l§ < 5), planar laminar stagnation-point flames cannot be accurate
prototypes of flamelets because they do not take into account curvature, viscous and
time-dependent effects. Flamelet models may still be adequate in this case but they
will have to include at least curvature effects to describe the dynamical behaviour of
individual flamelets. It is worth indicating that the variations of the fotal stretch
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(which includes strain and curvature effects) correlate fairly well with the changes of
the consumption speed of the flame front. This result is similar to conclusions
obtained from asymptotic studies (Clavin & Joulin 1983) but it raises a major
difficulty when turbulent flames are concerned because an estimate of the flamelets’
curvature has to be deduced from averaged descriptions of the reacting flow.
Flamelet models usually estimate strain from simple arguments based on dimensional
analysis. Estimating curvature is a more difficult task (Pope 1988 ; Candel & Poinsot
1990) and the practical implication of flamelet models using strain and eurvature
remains an open question.

As far as models are concerned, this result suggests that the laminar flamelet
assumption, which assumes that the structure of flamelets in a turbulent flame is
similar to the structure of laminar planar stagnation-point flames, is probably never
rigorously satisfied. An extended flamelet definition is therefore proposed: a
turbulent flame is in a flamelet regime if fresh and burnt gases are always separated
by a thin reacting interface, even though this interface may not have an exactly
laminar-like flame structure. This extended definition still allows practical models to
be derived and corresponds to a more realistic application of flamelet concepts.

The effect of the Lewis number was investigated by considering a flame with
Le = 0.8. Thermo-diffusive instabilities have important effects when Le is less than 1.
While the detailed interaction mechanisms for Le = 0.8 and Le = 1.2 flames are
different, the quenching characteristics are unchanged because the process is mainly
controlled by heat losses. The case of flames with Le <1 and small heat losses
remains and open question but one may expect that such flames will be difficult to
extinguish.

When quenching takes place, a pocket of unburnt mixture may cross the flame
front without burning, leading to mixing of fresh unburnt gases with burnt gases
{cooled by heat losses) without combustion. Although the subsequent evolution of
the reacting flow was not investigated here, such a quenching event is likely to
indicate the transition between a flamelet regime and a distributed reaction regime.
Therefore, results obtained for the interaction of an isolated vortex pair with a flame
front may be used to deduce the response of a flame element to a turbulent flow. For
a Lewis number of 1.2 and strong heat losses (¢ = 107%), direct simulation results
yield a spectral diagram describing the interaction between an isolated vortex pair
and a flame front. Assuming that vortex pairs are the most efficient structures which
may induce flame quenching, the spectral diagram may be employed to define a
modified premixed turbulent combustion diagram. Results show that classical
diagrams underestimate the resistance of flame fronts to turbulent eddies, mainly
because they neglect viscous, transient and curvature effects. These effects are
especially important when small scales are considered. The vortices that may quench
a flame front are orders of magnitude larger and faster than Kolmogorov scales.

The Klimov—Williams criterion for flamelet regimes may be reassessed on this
basis. The domain in which extended flamelet regimes are expected appears to be
larger than usually accepted for laminar flamelet regimes. In fact, the boundaries of
the laminar flamelet regime itself appear to be quite imprecise and direct simulations
{Haworth & Poinsot 1990 ; Rutland & Trouvé 1990) as well as experimental evidence
(Katsuki et al. 1990) suggest that flamelets might preserve a laminar-like structure
even when the Kolmogorov scale is smaller than the flame thickness. This would
mean that, from an engineering point of view, the laminar and the extended flamelet
regimes would not be very different. It does not imply, however, that planar laminar
flames are good prototypes for flamelets neither in the extended flamelet
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approximation, nor in the laminar one: as indicated above, curvature and transient
effects should be included in all flamelet models.

The upper boundary of the extended flamelet regime is a strong function of the
heat-loss coefficient. In most practical cases, heat losses are certainly smaller than in
the present work and extended flamelet models for premixed turbulent combustion
probably have a broader applicability than previously thought.

Characteristic scales may be extracted from the spectral diagram. A cutoff scale
scale indicating the size of the smallest eddy interacting efficiently with the flame
front is derived. This scale is affected mainly by viscous and thermo-diffusive
mechanisms. It is a fundamental quantity in the fractal analysis of turbulent
combustion but also for flamelet models in general because it fixed the size of the
smallest scales that may wrinkle the flame front. The cutoff scale is always larger
than the Kolmogorov scale. In very intense turbulent fields, it may be of the order
of the flame front thickness.

Quenching criteria are also obtained. It is shown that quenching by a vortex pair
only occurs within a limited range of scales. The lifetime of small vortices is too short
to allow a strong interaction with the flame. At the other end of the turbulence
spectrum, large vortices induce a flame stretch that is too low to cause flame
quenching. For the case considered in this paper (Le =12 and ¢ = 10"%), no
quenching is obtained if the integral Reynolds number Re, = »'l/v is less than 300.
When Re, > 300, a quenching condition correlating the turbulence intensity w’
(normalized by the laminar flame speed s}) and the Reynolds number Re, is obtained
and corresponds fairly well to experimental results of Abdel-Gayed & Bradley (1989).
Heat losses, however, are mainly responsible for flame quenching and their
importance is not usually documented in experimental studies to allow precise
comparisons. More generally, it is shown that direct simulations provide remarkable
new insights in the processes which govern turbulent combustion.
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