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a b s t r a c t
This paper reports an experimental investigation of premixed propane and methane-air ﬂames propagating freely downwards in tubes 1.5 m long and with diameters 54 and 94 mm. The tubes are opened at the
upper end and closed at the bottom end with an acoustic damper that eliminates thermo-acoustic
instability. Igniting the ﬂame either on the tube axis or close to the wall, two regimes of propagation
are distinguished by correlating the ﬂame speed and the radius of curvature at the ﬂame tip. The
characteristic lengths are then related to the cut-off wavelengths estimated from linear theories and
compared to previous results of Michelson–Sivashinsky simulations.
Ó 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction
The role of the hydrodynamic ﬂame instability for premixed
turbulent burning in gas turbine, spark ignition engines or industrial burners has been widely discussed [1,2]. This effect is caused
by thermal expansion through the ﬂame front and is the most
essential factor in the ﬂame instability, together with the diffusive-thermal effect that stabilizes the short-wavelengths perturbations depending on the Lewis number of the deﬁcient reactant.
Now, there is a mounting evidence that the ﬂame instability is of
primary importance for turbulent burning, leading for example to
an increase by a factor of 10 of the ﬂame propagation velocity of
free expanding turbulent spherical ﬂames [3,4]. It was also suggested that this instability plays an important role in the rapid
increase of Ut/UL with pressure in high-pressure environments
[5,6], where Ut/UL is the ratio of the turbulent ﬂame speed Ut to
the laminar ﬂame speed. Even weakly wrinkled ﬂames maintain
values of Ut/UL  3–4 down to very low values of the turbulence
level u0 /UL, where u0 is the root-mean-square of the velocity ﬂuctuations in the incoming gas stream [7].
These combustion instabilities are relatively well described at
the onset of instability, at least for some pure fuels, and can be handled in some direct numerical simulations, but it would be a huge
task to account for them in actual burners since the characteristic
length scale of the ﬂow exceeds the typical ﬂame thickness by
many orders of magnitude.
⇑ Corresponding author at: IRPHE UMR 7342, CNRS-AMU et ECM, 49 rue F. JoliotCurie, BP 146, 13384 Marseille, France.
E-mail address: quinard@irphe.univ-mrs.fr (J. Quinard).

The theoretical analysis of these ﬂames has been successful:
nonlinear model equations have been derived, ﬁrst by Sivashinsky
in 1977 [8] and by Frankel in 1990 [9]. Simple solutions of the Sivashinsky equation have been obtained in 1985 by Thual et al. [10],
and building on this discovery Joulin has studied theoretically large
scale ﬂame fronts in a number of conﬁgurations, spherical ﬂames,
oblique ﬂames or ﬂames of overall parabolic shape [11–14].
Numerical simulations of the Sivashinsky equation have been performed in these conﬁgurations, as they are hundred times faster
than direct numerical simulations, permitting the study of very
large ﬂames [15–18]. The qualitative agreement of these simulations with experiments is excellent [19]. The observed dynamics
is extremely complicated, involving cells on the ﬂame front that
continuously appear and then merge. This phenomenon possibly
leads to a self-similar propagation of the ﬂame with a fractal structure observed on free expanding spherical ﬂames [3,4,6] or in
numerical simulations [20–22]. It has been proposed [7,20–24]
that weakly turbulent premixed ﬂames also have a fractal character in other geometries. Direct numerical simulations were also
performed in wide tubes with important results pertaining to the
wrinkled ﬂame speed, the onset of secondary instabilities and
the ﬂame shape (see [25–27] for an overview of DNS results in different geometries).
All these approaches refer to a characteristic length scale generally deﬁned as the cut-off length scale kc due to the balance
between Darrieus–Landau (DL) hydrodynamic instability and stabilizing effects of thermal diffusion. This characteristic length is
the one and only parameter in theoretical models. It can be evaluated to 10–40 dL from linear theories [28] where dL is the laminar
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ﬂame thickness, but numerical solutions of these models can
hardly be compared to experimental results generally obtained in
turbulent ﬂows [7,22,29–31].
The best way for checking these models and the whole literature on the subject is to study premixed ﬂames propagating freely
in quiescent gases. The movement of a ﬂame element will then
only results from its own propagation at the normal ﬂame speed
UL and from its advection at the local gas velocity produced by
hydrodynamic effects induced by the whole ﬂame shape. A recent
experiment showed that it was possible to observe an almost stationary downwards propagation of premixed methane- and propane-air ﬂames in tubes of various diameters, thanks to a new
type of acoustic damper that eliminates the thermo-acoustic instability which otherwise would produce large acceleration effects on
the ﬂame and change drastically the ﬂame propagation [32]. The
attention was paid to the velocity of propagation of axis-symmetrical ﬂames to be compared to self-similar relations describing free
ﬂame propagation in tubes [22,31]. The normalised wrinkled ﬂame
speed Un = Ut/UL increased up to 2.5 while the tube diameter
increases from 36 to 141 mm, and its variation with the equivalence ratio of the gas mixture was qualitatively in agreement with
a self-similar relation using as cut-off wavelength the shortest
unstable wavelength calculated from linear theories. The fractal
exponent was close to 1/3.
Slanted ﬂames were also observed in these experiments with a
much larger propagation speed, a result not expected from Sivashinsky simulations where all solutions have the same speed and
for which the more slanted ﬂame is less stable [33]. However, faster slanted ﬂames were also obtained when considering a ﬂame
propagating upwards without DL-instability [34] and by means
of direct numerical simulation in wide tubes [22,35]. The present
work aims at a better description of these two regimes of propagation by measuring simultaneously the instantaneous position of
the leading ﬂame bump and its radius of curvature. It will be
shown that the ﬂame speed is well correlated to the curvature at
the leading bump. The characteristic radius of curvature at the
leading bump are then related to the cut-off wavelengths and compared to the results of Michelson–Sivashinsky and numerical
simulations.

2. Experimental setup and procedure
The propagation velocity of laminar cellular ﬂames is measured
in vertical Pyrex tubes, 1.5 m long, with internal diameters D0 of 54
and 94 mm. Flames in tubes with smaller diameter would be
affected by heat-losses while tubes with larger diameter can lead
to a cascade of instabilities on the ﬂame much more difﬁcult to
characterise (see Fig. 6b of Ref. [32]). Here we choose downward
propagation of the ﬂame in order to reconnect the present analysis
of characteristic lengths of the ﬂame to the results of linear theories validated at the limit of stability of planar ﬂames [36]. Another
point is that horizontal propagation would systematically lead to
asymmetric ﬂame shapes due to buoyancy effects, while upwards
propagation would lead to quasi-parabolic ﬂame shapes dominated by the dynamics of the rising bubble of hot gases [34,37].
The equivalence ratio, /, of the premixed gas is controlled via a
PC-interface connected to mass-ﬂow regulators. The ﬂame propagation is recorded using a high-speed video camera viewing the
reﬂected images of the ﬂame on two lines of sight at right angle
(Fig. 1). The acoustic damper at the bottom part of the burner consists of a small annular slit, of height h and length l, that dissipates
acoustic energy by terminating the tube with a real (resistive)
acoustic impedance equal to the characteristic acoustic impedance
of free air (see Ref. [32] for details). A lightweight refractory fabric
is placed over the open end of the burner to prevent mixing with

Fig. 1. Experimental set-up.

ambient air while permitting the exhaust of the premixed or burnt
gas. The ﬂame can thus propagate in an initially quiescent gas mixture without the additional effects from pressure build-up to spontaneous ﬂame acceleration that occur in closed tubes [38].
The procedure is as follows: after each run, the air ﬂow is
opened and maintained until the tube walls have cooled to ambient temperature. The ﬂow of combustible, methane or propane,
is then adjusted to the desired equivalence ratio and maintained
for a time corresponding at least to ten ﬁllings of the tube to ensure
a homogeneous mixture. Closing the valve at the bottom of the
burner then stops it and a delay of at least 1 min is allowed before
ignition to ensure that premixed gases are at rest. The ignition of
the gas mixture is then performed by way of the fast discharge
of a capacitor in a 0.1 mm radius steel wire that can be placed
either on the burner axis to favour axis-symmetric ﬂame shapes,
or close to the wall to obtain slanted ﬂames. About ﬁve runs are
performed in each conﬁguration: / = (0.8, 1, 1.3), tube diameter = (54, 94) mm and axial or lateral ignition at the top of the burner. The video is generally recorded at a frame rate of 250 images
per second. The video movies are post-processed using ImageJ 1.45r software to obtain the instantaneous position of the
upstream tip of the ﬂame and to calculate the radius of curvature
in each orthogonal section of the ﬂame (Fig. 2). The effective radius
of curvature is then simply obtained by

2=Rf ¼ 1=R1 þ 1=R2
The mean ﬂame speed is obtained by a linear ﬁt of the displacement of the upstream ﬂame tip over a distance at least equal to
0.5 m.
3. Michelson–Sivashinsky simulation
In this section, we give a brief presentation of the Michelson–
Sivashinsky equation (or Sivashinsky equation, depending on the
authors) that will be compared to experimental results. This equation is a model equation, which describes the non-linear behaviour
of a ﬂame submitted to a Darrieus Landau instability [8]. We will
write this equation in a one-dimensional case. Let us imagine a
two-dimensional premixed ﬂame propagating towards fresh gases
(at the bottom of the domain) in the y direction. The transverse
coordinate will be denoted by x, and the following equation for
the front position /(x, t) can be derived (the ﬂame laminar velocity
is equal to 1, the width of the domain to 2p)

/t þ ð1=2Þ/2x ¼ Ið/Þ þ m/xx þ uðx; tÞ
I(/) is a pseudo differential operator (the Landau operator) corresponding to multiplication by |k| (the wave vector) in Fourier space.
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Fig. 2. Image processing to determine the position of the ﬂame tip and the radius of
curvature in each orthogonal section (left and right images on each picture). Thin
blue lines outline the tube walls. Middle images: direct views of the ﬂame. Propaneair ﬂame, / = 1.0, tube Ø 94 mm. (a) Axial ignition and (b) lateral ignition. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)

The ﬁrst two terms on the right hand side of the equation correspond to the Darrieus Landau linear dispersion relation, u(x, t) is a
forcing term. The only non-linear term (1/2)/x2 is geometrical and
describes the normal propagation of the ﬂame at the laminar velocity (taken to be 1 here). It is extremely simple to solve this equation
numerically with Fourier pseudo spectral methods; one example
will be given in the following section. Let us note that the only
non-dimensional parameter of the equation is m, it controls the
number of unstable modes in the domain. In this description what
is important is the ratio domain width/cut-off length scale and is
equal to 1/m.
We now summarise some properties of the Michelson Sivashinsky (MS) equation. It has been found in [10] that simple solutions
of this equation exist, described by a certain number of poles in the
complex plane. The typical number of poles of the solution (called
optimal number of poles in [33]) increases when the number of
unstable modes 1/m increases, so that as the ratio domain width/
cut-off length scale is increased, the solution becomes more and
more complicated. Among the many solutions that have been
found in [33], some solutions are linearly stable, see particularly
Fig. 1 of [33], where slanted or almost symmetrical solutions (see
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the experimental results of the next section for similar solutions
in the cylindrical tube) have been obtained. One interesting property of these solutions found in this article is that a moderate noise
(the term u(x, t) of the equation or the residual turbulence in the
experiment) causes jumps between the different stationary solutions. Figure 3 presents a spatiotemporal diagram of such evolution
between an initially asymmetric ﬂame towards a more symmetric
one with new poles appearing at x = p. Naturally these results are
obtained for the one-dimensional Michelson–Sivashinsky equation, much less is known (see however [25,31]) in the cylindrical
case. We will see in the next section how the experimental results
compare to these predictions.
Let us discuss however in this section how the Michelson Sivashinsky equation results compare to the DNS of [35], also obtained
with lateral Neumann boundary conditions. In this paper can also
be seen both slanted and almost symmetrical ﬂames, as with the
MS equation, and the transition from the slanted solution to the
almost symmetrical one can be seen for two different values of
the gas expansion. In the MS equation, such transitions are triggered by noise, as the solutions with the optimal number of poles
are linearly stable [39]. An interesting discussion of the linear spectrum in terms of poles can be found in [40]. Let us consider the stability of a pile (poles vertically aligned in the complex plane) of
poles at 0 in a domain [0, 2p]. It is found that although all the linear
modes are stable, the less stable of the modes correspond to the
addition of a new pole at p (at inﬁnity in the complex plane). It
was found in [41], see also [33], that an unstable stationary solution exists with a new pole at p far away in the complex plane
but not at inﬁnity (see Fig. 7 of [33]). This solution plays the role
of a separatrix, if the pole at p is below the one of the unstable stationary solution, a new cusp will be created leading to a secondary
instability (see Fig. 3). On the other hand, if the new pole at p is
above the one of the unstable stationary solution, it will simply
go to inﬁnity, as the solution is linearly stable. This unstable stationary solution gives a good idea of the ﬁnite noise amplitude necessary to trigger the appearance of a secondary instability.
Furthermore, this noise amplitude is exponentially small as the
domain size is increased (or as the number of unstable modes 1/
m is increased). So there is no contradiction, a solution can be both
linearly stable and extremely sensitive to noise. The secondary
instabilities of [35] (see also [22]) could possibly be interpreted
as being caused by the various sources of noise of the simulation
(truncation error, round off error, ﬁnite length in the longitudinal
direction). The experimental results of the next section of course

Fig. 3. Spatiotemporal evolution of an initially asymmetric ﬂame with 9 poles at
x = 0 and 0 pole at x = p. The width of the domain is 9 kc (1/m = 18) with the same
Gaussian white noise as in Fig. 6b.
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also include noise (typically residual turbulence) and secondary
instabilities.

300
250

4. Results

The ﬁrst interrogation was on the existence of slanted ﬂames:
do they evolve with a well deﬁned velocity of propagation slightly
larger than the symmetrical ones as suggested by theoretical and
numerical approaches [2,22,35], or is there a large number of discrete solutions as those obtained from the Sivashinsky equation
[33]? The ﬂame trajectories in the tubes appear relatively rectilinear with two distinct velocities of propagation well correlated to
the symmetry of the ﬂame (Fig. 4), even if the ﬂame can transit
from one mode of propagation to the other one during the experiment. Lateral ignition produces generally slanted ﬂames, which
propagate faster than almost symmetrical ﬂames obtained after
axial ignition. The same trends are observed with propane-air
ﬂames (Fig. 5), but the situation is not always clear: rich propaneand lean methane-air ﬂames are always slanted in the smaller
tube, whereas rich methane-air ﬂames are almost symmetrical.
There are thus essentially two velocities of propagation of premixed ﬂames in tubes depending on the main shape of the ﬂame.
There is no indication that quasi-axis-symmetric ﬂames are less
stable than slanted ones, since a slanted ﬂame may also transit
to a quasi-symmetric ﬂame. However, it will be seen later that
even slow ﬂames obtained after axial ignition are slightly asymmetric. The measured values are in good agreement with previous
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Fig. 4. Trajectories of methane-air ﬂames in a tube Ø = 94 mm as a function of
initial conditions for ignition. (a) / = 0.8 and (b) / = 1; full lines: lateral ignition;
dashed lines: axial ignition.
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Fig. 5. Histogram of stoichiometric propane-air ﬂame velocities in a tube
Ø = 94 mm as a function of initial conditions for ignition. Hatched/full shading:
lateral/axial ignition.

measurements in the same conditions [32], except that much faster slanted ﬂames speed were obtained here for stoichiometric
propane-air ﬂames thanks to the new type of igniter. It is worth
noticing that previous measurements were done by igniting the
ﬂame with a lighter without any control of the initial condition.
Slanted ﬂames propagate at a speed 50% larger than quasi-symmetric ﬂames. The same trends were observed with propane-air
ﬂames (Fig. 5).
A question that arises is why some ﬂames adopt a slanted shape
with a faster velocity of propagation? Looking at the simultaneous
measurement of the instantaneous ﬂame speed at the upstream tip
and of the integrated luminous intensity of the ﬂame supposed to
be proportional to the whole ﬂame surface (Fig. 6a), it appears that
the ﬂame speed is in advance compared to the ﬂame surface. By
analysing a sequence analog to that presented in Fig. 3, the same
behaviour is recovered with Michelson simulations (Fig. 6b) where
the total ﬂame length ﬂuctuations are delayed compared to the
ﬂame speed ﬂuctuations at the leading tip. The precise parameters
used in the simulation of Fig. 6b are: 1m ¼ 18, the simulation is performed with 1024 Fourier modes, a time step 0.0002 and Neumann
Boundary conditions, starting from a stationary solution with 5
poles at 0 and 4 at p, a noise is added at each point which is 0.1
times a Gaussian white noise of zero mean value and variance 1.
What is actually plotted in Fig. 6b is the lateral mean value of
the non-linear term in the MS equation: this is the increase (0.5
for the initial condition) of the ﬂame speed compared to the laminar ﬂame velocity, which is unity.
The local conditions at the tip are thus critical, controlling the
ﬂame speed at the tip that determines the length of the ﬂame skirt
and the ﬂame surface. It seems that the delay between the local
ﬂame speed at the tip and the ﬂame speed based on the ﬂame surface is due to the fact that all perturbations start from the tip, are
ampliﬁed and take some time in order to have a signiﬁcant effect
on the ﬂame surface. Let us also note another effect seen in
Fig. 6b, in the presence of a sufﬁcient amount of noise (which triggers secondary instabilities as explained in Section 3), the mean
ﬂame speed is always higher than the ﬂame speed of the stationary
solution (used here as an initial condition).
4.2. Effects of curvature
These local conditions at the tip can be characterised by the
effective radius of curvature calculated from two orthogonal views
of the ﬂame front. Whatever the dispersion of the instantaneous
measurements (Fig. 7a), it appears clearly that the slowest ﬂames
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Fig. 6. Time traces of the instantaneous ﬂame speed at the tip (full line) and
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dashed line). (a) Methane-air ﬂame, / = 1, tube Ø = 54 mm and (b) Michelson–
Sivashinsky simulation with Gaussian white noise.
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Fig. 7. Effective radius of curvature (a) and radial position of the centre of curvature
(b) as a function of the normalised ﬂame speed Un = Ut/UL. Stoichiometric propaneair ﬂame, tube Ø = 94 mm. s = axial ignition,
= lateral ignition.
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are obtained with an axial ignition and have a larger (negative)
radius of curvature than slanted ﬂames obtained with lateral ignition. Here the ﬂame speed is normalised by the laminar ﬂame
speed measured by Bosschaart and De Goey [42]. For the slanted
ﬂames, the centre of curvature may even be found outside the tube
(Fig. 7b) but this results from erroneous measurements when cell
splitting occurs at the ﬂame tip, leading to false evaluation of the
radius of curvature with too large values, or when the very curved
part of the ﬂame close to the wall is not clearly visible on the
images. It can be seen that even axial ignition does not lead to
really axisymmetric ﬂames since the centre of curvature is slightly
off-axis (Fig. 7b). The same trends are observed in lean and stoichiometric mixtures of propane and methane-air in both tubes (54
and 94 mm), but the situation is much more confusing in rich mixtures, in which case there is no clear distinction between both
types of ignition (Fig. 8).
Thus even if the mean velocity of premixed ﬂames propagating
freely in tubes has generally two distinct ranges of values depending on the global symmetry of the ﬂame, a result not expected from
the 1D Michelson–Sivashinsky analyses (which do not include
effects of the cylindrical geometry or of the boundary layers) it
appears that the instantaneous velocities of propagation could sustain the ideas developed in these analyses: there is more than two
stationary solutions when the ratio tube radius/cut-off length is
large as is the case in rich propane-air mixtures, so small perturbations of the ﬂame can induce jumps between a great number of
discrete solutions with different velocities of propagation.
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Fig. 8. Effective radius of curvature as a function of the normalised ﬂame speed
Un = Ut/UL. Rich propane-air ﬂame / = 1.4, tube Ø = 94 mm. s = axial ignition,
= lateral ignition.

4.3. Discussion
A statistical analysis of these data (Fig. 9) gives access to some
characteristic lengths of the ﬂame such as the most probable value
(noted here R⁄) or the minimal value (noted Rmin). The mean value,
generally larger than R⁄, is not used here as it is probably biased by
erroneous measurements. Slanted ﬂames have a much narrower
distribution of radius of curvature and peak at a smaller value, with
also a smaller minimal radius of curvature. In order to compare
these results to numerical models, we have to evaluate the
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Fig. 9. Histograms of the radius of curvature at the ﬂame tip in both ignition
conditions. Stoichiometric propane-air ﬂame, tube Ø = 94 mm. (a) Axial ignition and
(b) lateral ignition.

cut-off wavelength in each conﬁguration. According to analytical
calculations of the stability of premixed planar ﬂames including
expansion effects, gravity and preferential diffusion [1,32,36], and
for downward propagating ﬂames above the threshold of cellular
instability, there is a band of unstable wavelengths limited by
two neutral wave numbers:


kn ¼

E1
1
4EMa dL

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!
8M a dL g
1
ðE  1ÞU 2L

where E is the expansion ratio E = qu/qb given by GASEQ [43], Ma is
the Markstein number, dL the laminar ﬂame thickness taken equal
to Dth/UL with Dth = 0.2 cm2 s1 the thermal diffusivity in the
unburnt gases, and g the acceleration of gravity. The subscripts u
and b refer respectively to unburnt and burnt gases. Using the values of Ma determined by Davis et al. [44] and following the same
approach as in [32], three characteristic lengths can be calculated:
 The largest unstable wavelength Kmax = 2p/kn is in the range
0.4–0.9 m for methane and 0.2–0.6 m for propane. It is larger
than the burner diameter in these experiments so it can be
disregarded.
 The smallest unstable wavelength kc = 2p/kn+, characteristic of
the cut-off wavelength used in the models.
 The most unstable wavelength K⁄  2 kc.
These values are reported in Table 1 and in Fig. 10. The differences between axial and lateral ignition were not systematically

observed in the smaller tube, especially with lean methane and
rich propane mixtures in which case the ﬂame was generally
slanted, and with rich methane-air ﬂames that were almost symmetrical. In each conﬁguration, the evolution of the characteristic
radius of curvature at the ﬂame tip, the most probable R⁄ or the
minimal value Rmin, reﬂects the evolution of the intrinsic characteristic wavelengths, the most ampliﬁed wavelength K⁄ or the cut-off
wavelength kc. These values increase with equivalence ratio for
methane-air ﬂames while they decrease for propane-air ﬂames.
The striking result is that the minimal radius of curvature is almost
equal to Rmin  K⁄  2 kc, while the most probable value R⁄ is of the
order of 3 K⁄ and even 4.5 K⁄ with stoichiometric methane-air
ﬂames in the wider tube. Such results were already obtained either
by determining at which size cells produced by the Darrieus–Landau instability are prone to secondary instabilities [22,23], or in
numerical modelling of the Sivashinsky equation [15,45]. But to
the authors’ knowledge, no experimental measurements were
done with ﬂames propagating freely in a tube. In Sivashinsky simulation [45], an initially ﬂat ﬂame is submitted to noise perturbations and evolved with a characteristic time tLD  0.5 kc/UL
corresponding to the time of growth of the most unstable wavelength. In the early stage, t < 2 tLD, there is a linear development
of a cellular structure with a wavelength of the order of the most
unstable wavelength. Then, after a while that depends on the noise
level u0 /UL, the cells start to coalesce with a linear increase of wavelength up to a point where the stabilizing effects due to curvature,
roughly proportional to EUL/R [15], are too weak to support noise
perturbations. A stationary state is ﬁnally obtained where cells
splitting compensates for cells coalescence that produces a limiting
mean wavelength K1 that is thus function of the noise level. In the
simulation [45], this occurs at a time t1 such that K1  10 kc at t1/
tLD = 30 when u0 /UL = 1/1000, or K1  4 kc at t1/tLD = 10 when u0 /
UL = 1/10.
The transit time in the burner 1.5 m long is generally much larger than this limiting time t1, so a stationary propagation of the
ﬂame can be assessed. The fact that Rmin  2 kc let us suppose that
curvature effects with this radius of curvature are sufﬁcient to
overcome the hydrodynamic instability in the cases studied. Then
R⁄ can reach values as large as 4.5 K⁄  9 kc without occurrence of
the secondary instability, conﬁrming the smallness of upstream
perturbations. But it has to be noticed that our measurements
are made at the leading bump, where the velocity ﬁeld induced
by the whole shape of the ﬂame in the upstream gases can be very
different from the one simulated with a ﬂat ﬂame on average. This
is particularly true for slanted ﬂames, which are also probably
affected by boundary layer effects, and for which the fully developed ﬂame cells are likely to appear on the ﬂame skirt rather than
at the leading bump.
Nevertheless, apart from the differences in the velocity of propagation between slanted and axisymmetric ﬂames, these measurements are consistent with the results of numerical modelling of the
Sivashinsky equation: the minimal radius of curvature is almost
equal to the most unstable wavelength calculated from the linear
theory, and ﬂames with a small radius of curvature at the leading
bump have a narrower range of ﬂuctuations of their radius of curvature, reﬂecting a narrower range of unstable wavelengths due to
stabilizing effects of curvature. The most probable radius of curvature can be very large, up to 9 kc. It increases with the tube diameter and is generally larger in the case of axial ignition. No simple
relation with kc can be obtained from this study, but the most
probable value R⁄ is comparable to the value of K1 calculated with
non-linear theories.
The present measurements compare also favourably with the
results of direct numerical simulations in wide tubes [22,35]. In
these 2D simulations, the curved stationary ﬂames become
unstable as the tube width D > kc/2 and the secondary instability
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Table 1
Characteristic length scales and normalised self-turbulent ﬂame speed measured in tubes of internal diameter 54 and 94 mm.
Ignition

Tube Ø = 54 mm
Axial

Tube Ø = 94 mm
Lateral

Axial

Tube Ø = 54 mm
Lateral

Tube Ø = 94 mm

Axial

Lateral

Axial

Lateral

R⁄ (cm)
Rmin (cm)
Ut/UL

Methane-air, / = 0.8, UL = 23.6 cm/s, K⁄ = 1.2 cm, kc = 0.65 cm
2.15
4.15
2.5
1.4
1.5
1.4
2.5
1.9
3

Propane-air, / = 0.8, UL = 29.8 cm/s, K⁄ = 1.5 cm, kc = 0.8 cm
2.15
2.8
4
3.2
1.5
1.7
2
1.9
1.5
2.5
2.3
3.1

R⁄ (cm)
Rmin (cm)
Ut/UL

Methane-air, / = 1, UL = 36.3 cm/s, K⁄ = 1 cm, kc = 0.5 cm
2.8
2.3
4.5
1.1
1
1.5
1.9
2.6
2.1

Propane-air, / = 1,
2.8
1.4
1.8

R⁄ (cm)
Rmin (cm)
Ut/UL

Methane-air, / = 1.3, UL = 26.3 cm/s, K⁄ = 2.1 cm, kc = 1.2 cm
3
3.5
2.9
2
2.2
2.2
1.5
1.4
2.1

2.8
1.5
3.3

UL = 42.1 cm/s, K⁄ = 1.05 cm, kc = 0.54 cm
2.5
3.9
2.9
1
2.2
1.4
2.7
2.3
3.4

Propane-air, / = 1.4, UL = 22.6 cm/s, K⁄ = 0.8 cm, kc = 0.4 cm
1.8
1.3
1.1
0.8
0.9
0.5
2.6
1.1
2.5

mm, lateral ignition

5

5

4

3

3

cm

cm

4

2

2

1

1

0
0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

0
0.7

1.5

0.8

0.9

mm, lateral ignition

5

1

1.1

1.2

1.3

1.4

1.5

Equivalence ratio

Equivalence ratio

mm, axial ignition

5

4

3

3

cm

cm

4

2

2

1

1

0
0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

Equivalence ratio

0
0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

Equivalence ratio

Fig. 10. Characteristic lengths of methane-air (full symbols, full lines) and propane-air ﬂames (open symbols, dash-dotted lines) as a function of the tube diameter and of the
symmetry of ignition (d, s = K⁄; ., 5 = kc; j, h = R⁄; , } = Rmin). Lines represent only a smoothed interpolation between the calculated or measured values.

leads to extra-cusps as D > 2 kc. The ratio of the wrinkled ﬂame
speed to the laminar one Ut/UL is well described by the
analytical theory up to D  3.4 kc, but further increase in the
burner width leads to a linear increase of the wrinkled ﬂame
speed with a slope approximately equal to 0.08 D/kc. Meanwhile, the stationary solution becomes highly slanted with a
smooth shape as extra humps developing on the ﬂame front
are convected to the tube walls and vanish due to the ﬂame

slant. Extrapolating this result to the present experimental conditions, we obtain Ut/UL  1.85 (2.5) in a channel of width 54
(94) mm with kc = 0.5 cm, or Ut/UL  1.4 (1.75) with kc = 1 cm.
Considering that the velocity increase of the curved threedimensional ﬂames is considerably larger (about double) than
the corresponding velocity increase of the ﬂames in a twodimensional channel, these estimations are close to the values
measured in the experiments.
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5. Conclusion
Experiments were performed to analyse premixed ﬂames propagating freely in wide tubes, ﬁrst to give a better description of the
two regimes of propagation already observed, then to relate their
characteristic length scales to the cut-off wavelength used in
numerical modelling of premixed ﬂames dynamics.
Slanted ﬂames propagate at a speed 50% larger than quasi-symmetric ﬂames, three to four times the normal ﬂame speed. This can
be relevant for determining the ﬂame ﬂashback conditions.
The variations of ﬂame speed at the leading bump precede the
variations in the ﬂame surface, indicating that the local condition
at the ﬂame tip is the critical phenomenon that controls the ﬂame
propagation. This is conﬁrmed by the correlation between the local
radius of curvature and the ﬂame speed, slower ﬂames having a
larger radius of curvature.
The dynamics of the ﬂame resembles the one described by the
Michelson–Sivashinsky equation: slanted ﬂames with a small
radius of curvature have a restricted range of ﬂuctuations, reﬂecting the stabilizing effect of curvature; the minimal radius of curvature is of the order of the most unstable wavelength K⁄  2 kc and
the most probable radius of curvature can be compared to the limiting value K1 calculated with non-linear theories. The wrinkled
ﬂame speed is also comparable to the results of Michelson–Sivashinsky and of direct numerical simulations in wide tubes by considering that the increase of ﬂame speed in a tube is the double of
that calculated in a 2D channel.
Finally, we may add some remarks on the competition between
quasi-symmetric and slanted ﬂames. It was stated that the quasisteady parabolic fronts were metastable in the case of ﬂames propagating upwards [34], numerical simulations showing that the parabolic tip slowly approaches one of the walls. The direct numerical
simulations in wide tubes (D > 3.4 kc) conﬁrm this hypothesis by
ending with a slanted ﬂame [22,35], while MS simulations produce
ﬂames of various shapes depending on the distribution of new poles
created by noisy perturbations. All these simulations look similar to
the experiments where the quasi-symmetric ﬂames display many
bumps competing for the leadership, while slanted ﬂames have a
smooth bump with cusped cells travelling on its skirt.
The picture that can be retained is that while the ﬂame selects
one solution among the ‘‘web of stationary curved solutions’’ [33],
the cells developing behind the leading bump interact with the
walls, thus producing velocity ﬂuctuations in the gas upstream
the ﬂame. That may induce a jump towards another curved solution,
explaining why a ﬂame may transit from a slanted shape to a quasisymmetric shape and reversely. Obviously, such transition would
occur more frequently in turbulent ﬂows, leading to much corrugated ﬂame shapes [46] and smaller ﬂame curvature radii [29,30].
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