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a b s t r a c t

The mean local reaction rate related to the average expansion across the front and computed from the
mean velocity divergence is evaluated in this work. Measurements are carried out in a air/methane pre-
mixed jet flame by combined PIV/LIF acquisitions. The procedure serves the purpose of obtaining values
of a turbulent flame speed, namely the local turbulent consumption speed SLC, as a function of the posi-
tion along the bunsen flame. With the further position that the flamelet assumption provides a propor-
tionality between turbulent burning speed normalized with the laminar unstretched one and the
turbulent to average flame surface ratio, the proportionality constant, i.e., the stretching factor becomes
available. The results achieved so far show the existence of a wide region along which the bunsen flame
front has a constant stretching factor which apparently depends only on the ratio between turbulent fluc-
tuations and laminar flame speed and on the jet Reynolds number.

� 2013 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

A common assumption in turbulent premixed combustion
modeling is that of flamelet regime, where the thin reactive flame
front is conveyed by the flow field. This front, being chemically
reactive, propagates normal to itself towards the fresh reactants
of a premixed mixture at a velocity usually referred to as laminar
combustion velocity SL. As a consequence, the combustion rate _m
can be thought as proportional to the product of the laminar
combustion velocity with the reactive surface area. At a basic level
of complexity, with SL considered constant, the combustion rate
increases linearly with the flamelet surface. Actually, experimental
measurements in turbulent flames [1] suggest a non-linear growth
of combustion rates at increasing turbulence levels, implying a
non-trivial behavior of the laminar combustion velocity.

First attempts to model dependencies for SL began after Darri-
eus–Landau [2,3] studies on laminar flame front instabilities. In
their original formulation they considered an inviscid initially flat
surface of discontinuity separating two zones at different but con-
stant densities mimicking a thin laminar flame front dividing reac-
tants from combustion products. Boundary conditions at the
interface are such to impose a normal burning velocity equal to
laminar flame speed SLo = SL (function of thermo-chemical

parameters only), a constant mass flux and no jump of tangential
velocity across the flame. The results is a linear and unstable
growth of disturbances at all wave-lengths k of the kind of
a = Aexp(Xt ± i(kyy + kzz)), where a is the front position, X / SLok
the inverse of the time constant of the harmonic perturbation ap-
plied to the front, y and z the transverse directions and x that nor-
mal to the unperturbed front. Since the system is considered
inviscid and the only characteristic length is the flame front thick-
ness, a simple dimensional prediction can directly lead to the
above expression for X. This unconditional instability has been
confuted by experiments that undoubtedly can reproduce stable
flames, as in cellular flames, see e.g., [4]. In particular, shorter
wavelengths are thought to initiate transport mechanisms inside
the flame, influencing the flame structure and the normal burning
velocity such that SLo – SL. To take into account these phenomena,
Markstein [5] prescribed different boundary conditions at the
interface, introducing a dependence of front velocity SL from its
curvature (1/R)

SL � SLo ¼ SLoðL=RÞ; ð1Þ

where L is the Markstein length, function of diffusive properties of
the reactive mixture and of the order of the flame front thickness.
This new boundary condition adds to the dispersion relation of X
a quadratic term (k2) which stabilizes the small wavelengths in such
a way that only a limited range of wavenumbers close to zero re-
mains unstable.

0010-2180/$ - see front matter � 2013 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.combustflame.2013.04.013

⇑ Corresponding author.
E-mail address: guido.troiani@casaccia.enea.it (G. Troiani).

Combustion and Flame 160 (2013) 2029–2037

Contents lists available at SciVerse ScienceDirect

Combustion and Flame

journal homepage: www.elsevier .com/locate /combustflame

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.combustflame.2013.04.013&domain=pdf
http://dx.doi.org/10.1016/j.combustflame.2013.04.013
mailto:guido.troiani@casaccia.enea.it
http://dx.doi.org/10.1016/j.combustflame.2013.04.013
http://www.sciencedirect.com/science/journal/00102180
http://www.elsevier.com/locate/combustflame


In a further step, Markstein [6] refined his previous position
assuming that the relevant quantity controlling the flame velocity
is the curvature of the front with respect to the curvature of the
flow measured by the divergence of the velocity flow field,

SL � SLo ¼ SLoL
1
R
þ $ � û

jûj

� �� �
; ð2Þ

where �̂ denotes the perturbation from the plane solution.
This modeling is also consistent with Karlovitz concept of flame

stretch [7], that is the relevant quantity controlling local flame
speed SL and flame quenching too. A further step towards the def-
inition of suitable dispersion relation of X is that of considering
also the effects of flow inhomogeneities upstream the flame front
[8,9]. The result now is that flame velocity depends on the flame
stretch k = 1/r(dr/dt) caused either by curvature effects or
tangential velocity gradients at the interface,
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; ð3Þ

with r the elementary area defined on the flame front. Each point
belonging to this area moves with a tangential velocity equal to that
of the flow ahead the flame surface.

A number of experiments [1] mostly based on Eq. (3) and aimed
at the evaluation of SLo and L have been performed in the past. The
most common configuration adopted for this kind of measure-
ments is that provided by laminar spherical flames expanding in
a quiescent ambient. Reasons for this choice are the relative simple
tracking of the the flame radius r(t) of the traveling front and an
analytic expression for flame stretch k = 2/r(dr/dt).

Coming back to turbulent combustion modeling issues, the
combustion rate _m can be associated by means of the continuity
equation not only to the laminar velocity SL and to a fluctuating
flame front surface AT, but also to a reference (usually mean) front
position (of extension Ao) and to an equivalent velocity, i.e., the tur-
bulent consumption speed Sc [1]:

_m ¼ quSLAT ¼ quScAo; ð4Þ

with qu the unburned mixture density. Consequently,

Sc

SL
¼ AT

Ao
; ð5Þ

from which, by means of Eq. (3), it follows

Sc

SLo
¼ Io

AT

Ao
; ð6Þ

with the stretching factor Io grouping the dependencies of the ratio
SL/SLo [1].

As a matter of fact, estimates of Io are typically performed by
2D–3D numerical simulations, where combustion rate and surface
evolution are instantaneously available in the whole computa-
tional domain [10,11]. Concerning experimental measurements,
results can be obtained with reasonable effort only for simple
and highly symmetrical configurations, i.e. spherical or flat flames
[12]. When geometries are only slightly more complicated, as for
bunsen flames, the task becomes a challenge, since the measure-
ment of the local turbulent combustion rate is extremely difficult.
This is the case of the present work aimed at estimating the time
averaged local combustion rate in a turbulent premixed jet flame
fed with a methane–air mixture by combined PIV/LIF measure-
ments. These measurements are instrumental in the evaluation
of local and global turbulent consumption speeds. Comparison
with global turbulent burning velocity data found in literature
[13–15] provides confirmations that assumptions made for the
present flames and discussed in details in next sections are
appropriate.

Another key point addressed in this work is the investigation of
the variability of the stretching factor Io along the turbulent flame
brush. In general, the degree of universality of the stretching factor
Io is not obvious and the geometry dependency/independency is
still debated [1]. It is found that downstream a transitional zone
at the exit nozzle, whose extension seems to depend on Reynolds
number, local stretching factor evaluated by means of Eq. (6) as-
sumes constant values larger than unity. Such values may vary
with experiments differing to each other from Reynolds number
and equivalence ratio, that are global observables easily measur-
able and predictable. This could be of importance in numerical
modeling where one of the major concerns is the definition of a
stretched laminar flame speed.

2. Governing equations

When a flamelet description of the problem is taken into ac-
count, the dynamics of propagating flame fronts at Low-Mach con-
ditions and Lewis number unity can be defined in terms of a
progress variable c, e.g. a normalized temperature c = (T � Tu)/(Tb -
� Tu) with subscript u/b indicating unburned/burned mixture [16].
Given the density of the mixture q and a molecular diffusion D an
advection/diffusion equation ruling the conservation of c reads

@ðqcÞ
@t
þr � ðqucÞ ¼ _xþr � ðqD$cÞ: ð7Þ

Its integration over a control volume V, embedding the whole
turbulent flame brush, leads to the determination of the average
mass burning rate introduced in Eq. (4), [13]

_m ¼
Z
V

_xdV ¼ quScAo: ð8Þ

From the experimental point of view, two problems arise when
dealing with this definition. First, the reaction rate ( _x) cannot be
measured directly; second, the consumption speed Sc depends
from the choice of the reference area Ao. Attempts to measure _x
indirectly through the determination of the mass of reactants flow-
ing by a control volume [17], have been performed in the past. An-
other method consists in computing the divergence of the
unconditioned average velocity field, as a measure of the dilatation
effects of temperature increase. In particular, the latter technique
has been applied to a flame flowing towards a stagnation plate,
so to have an almost statistical flat flame front [18].

More specifically, continuity equation can be written in the
form:

r � u ¼ q
@ð1=qÞ
@t

þ qu � r 1
q
: ð9Þ

Now, defining the heat release parameter as

s ¼ ðTb � TuÞ=Tu ¼ ðqu � qbÞ=qb; ð10Þ

it can be re-casted in terms of the progress variable c and unburned
density in order to obtain [19–23] and [24].

r � u ¼ s
qu

@ðqcÞ
@t
þr � ðqucÞ

� �
; ð11Þ

which is the LHS of Eq. (7) [25,26]. In principle, the coupling of Eqs.
(7) and (11) could lead to the evaluation of the reaction rate _x pro-
vided that the molecular diffusion term is properly defined. From
the experimental point of view this is not obvious when the flame
front is an interface dividing reactants from products and the pro-
gress variable is known in its average distribution only. To over-
come this difficulty it is considered the averaged form of Eq. (7)

@ð�q~cÞ
@t
þr � ð�q~u~c þ �q gu00c00 Þ ¼ r � ðqDrcÞ þ �_x; ð12Þ
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