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UPR3021, Orléans, France

Abstract

Premixed hydrogen-air laminar flames with equivalence ratios ranging from 0.32 to 2.68
adopt different shapes during propagation in a gap (from 1.5 mm to 4.2 mm) between two
plates. Thermodiffusive and Darrieus-Landau instabilities are visible for lean mixture while
Darrieus-Landau is visible at higher equivalent ratio. Using for the first time simultaneous
schlieren visualisation in this configuration, we were able to make two important observa-
tions: (i) either symmetric or asymmetric shapes are observed and quantified within the gap
as a function of equivalence ratio and gap thickness; (ii) 3D flame surface for unstable lam-
inar flame was estimated. These results validate (or invalidate) the quasi-2D assumptions
made in Hele-Shaw cells. Linear stability analysis allowed us to find an a priori criteria
differentiating symmetric and asymmetric cases. Finally, curvature effect on flame speed
enhancement relative to surface amplification is estimated for unstable hydrogen-air lami-
nar flames. This experimental 3D amplification factor provides means to take into account
instabilities effect on large scale turbulent models.

Keywords: hydrogen safety; flame instabilities; symmetric / asymmetric flame; Hele-Shaw
cell; amplification factor

Introduction

Hydrogen combustion has gained considerable interest in recent years, although exper-
imental and numerical data in the scientific literature are rather scarce compared to hy-
drocarbon fuels. Indeed, hydrogen flames are barely visible to the naked eye and the thin
laminar flame thickness (δt ∼ 0.35 mm for stoichiometric H2-air) leads to high computa-
tional cost for numerical simulations. However, hydrogen combustion can also generate
strong flame acceleration, especially in confined spaces, due to higher laminar flame velocity
(×5.7) compare to CH4-air mixture at stoichiometry and ambient conditions. Flame surface
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area growth is one of the main parameters driving flame acceleration, as it enlarges the
area of heat and mass diffusion transfer between products and reactants, thereby increasing
the reaction rate. Flame surface area growth is due to turbulence or intrinsic flame insta-
bilities, usually both [1]. Many turbulent models rely on Damköhler’s first hypothesis [2]
stating that ST/S

0
L = Af/Ap, with ST the turbulent flame speed, S0

L the unstretched lam-
inar flame speed, Af the flame surface area, and Ap the equivalent planar flame surface.
Damköhler’s hypothesis gives a good estimation within its validity range [3], but fails for
mixtures with non-unity Lewis number and flame with large curvature [4]. The combination
of turbulence and thermodiffusive (T-D) instabilities could even generate synergistic interac-
tions [5], i.e. an enhancement of the local variation of the composition compared to laminar
cases induced by turbulent fluctuations. Experimental characterization of unstable laminar
premixed flame shape and surface area quantification is thus needed to improve numerical
models. We aim to facilitate hydrogen combustion studies through a canonical combustor
refereed as Hele-Shaw cell [6].

Hele-Shaw cells are used to study flame propagation between two parallel plates separated
by a gap several orders of magnitude smaller than the width and height of the plates. A
stationary symmetric shape of the flame within the thickness is usually assumed and the
problem is considered quasi-2D. Quasi-2D propagation allows to consider the Navier-Stokes
equations averaged over the gap [7] reducing momentum equation within the thickness to
a relation similar to a Darcy’s law [8]. Quasi-2D assumption allows us to derive equations
and to compare theoretical and experimental growth rates due to instabilities [9–11]. Simple
configurations such as Hele-Shaw cells are also useful to test the sensitivity of thermoacoustic
modes to the reactivity of the mixture [12, 13]. However, this configuration can lead to
additional vibro-acoustic coupling that can suppress thermoacoustic instabilities [14, 15]
or eventually create vibro-acoustic instabilities [16]. From a practical point of view, flame
propagation between small gaps is important in the case of accidental leaks in the interstices
of fuel cells, for example [17]. This type of configuration is also a model of a micro combustor
where gap size has an important effect on thermal and momentum losses [18]. It is important
to note that, even very lean hydrogen mixtures could propagate in submillimetre gaps [19–
21].

Qualitative evaluation of the flame shape in the Hele-Shaw thickness direction has been
performed for hydrocarbons [13, 22], but to date there has been no quantitative experi-
mental characterisation to validate the quasi-2D hypothesis in Hele-Shaw cells for hydrogen
flames. Numerical simulations have already highlighted the existence of both symmetric
and asymmetric modes [23, 24]. The authors found that heat losses, channel size and inlet
velocity of unburned gas affect symmetry map of the flame. In fact, there is a whole range
of solutions for the shape of the flame in the thickness [25]. Here, we present an experi-
mental characterisation of the shape of hydrogen-air premixed flames undergoing Darrieus-
Landau (D-L) and thermodiffusive (T-D) instabilities in fully optically accessible Hele-Shaw
cells that are opened at ignition (top) and closed at the sides and opposite end (bottom).
Schlieren diagnostics are performed for simultaneous front and side-view visualization in
the Hele-Shaw cell. This configuration allows us to investigate the quasi-2D hypothesis by
observing flame shapes between plates under different equivalence ratios and gap sizes. The
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equivalence ratio affects flame velocity, sensitivity to D-L, T-D and thermoacoustic (T-A)
instabilities [26, 27]. From the simultaneous schlieren visualisation, surface enhancement in
front and thickness directions can be quantified to highlight contribution of instabilities and
symmetries/asymmetries. This provides insight to correct the flame surface calculated from
2D simulations and account for the consumption speed increase.

Experimental setup

Combustion chambers consist of parallel glass plates (3.3 mm thick) spaced by a distance
h of 1.5, 2.3, 2.7, 3.2 or 4.2 mm to form a rectangular parallelepiped of 30 mm width and 150
mm height as shown in Fig. 1. A channel width of 30 mm is chosen to limit the development
of a cellular flame structure and to keep the tips of the flame close to the centre of the
channel where the side view is focused. Nevertheless, this dimension is large enough to
observe the combined effect of D-L and T-D instabilities [28, 29].

Figure 1: Schematic of Hele-Shaw cell.

For each test, the burner is fed with a pre-mixed reactive mixture from a small hole at
the bottom. The upward flow is then stopped and the flame is ignited at the open top end
in the same manner: (i) hydrogen and air flow rates are adjusted by mass flow controllers
(Bronkhorst EL-Flow select) to achieve the desired equivalence ratio with a precision of ±
4%. (ii) the ignition sequence is activated, firstly by closing a solenoid valve (PARKER
LEGRIS ref. 4202 15 21 20) which cuts off the mixture inlet at the closed end of the
chamber; (iii) then, after a fixed delay of 35 ms; the ignition sequence triggers both cameras
and activates the electrodes (ignition coil BERU ZSE041 with tungsten electrodes 2 mm in
diameter separated by ∼ 1 mm, providing about 36 mJ of electrical energy [30]).
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The delay between the closing of the solenoid valve and ignition introduces uncertainty
into the mixture composition near the open end. However, this delay is necessary to ensure
a quiescent flow prior to ignition.

Figure 2: Optical set-up for simultaneous schlieren visualisation in Hele-Shaw cells.

The optical setup used to perform simultaneous visualisation is shown in Fig. 2. The
front view LED light source passes through a classic Z-type configuration with two concave
mirrors (M2400) and is collected by a 300 mm objective. The thickness view optical path is
an in-line lens configuration deflected by a planar mirror (Mp). The collimating and focusing
optical pairs have the same focal length (2400 mm for the mirrors and 300 mm for the lens).
The collection is realised by a 600 mm focal lens in-line with a 50 mm macro 2:1 lens. The
light is filtered by horizontal razor blades that are oriented towards the direction of burned
gases in order to brighten the flame front. For the thickness view, the blade is located at
the focal length of L300 and L600 to provide an image magnification of ×2, resulting in a
total image magnification of ×4 with the macro lens. In the Z-type configuration, a 3W
white LED (0.8×1.5 mm2) is used as the light source, but to ensure adequate illumination
within the thickness, a 10 W green LED (1.2×1.2 mm2) is used instead. Both cameras are
Photron Fast Cam MiniAX with a maximum resolution of 1Mpixel, operated at 10 kHz and
0.1 ms exposure time. This method allows a resolution of 160 µm/pixel and 5 µm/pixel for
the front and thickness view respectively.

In terms of post-processing, the images are blurred after background subtraction, then
binarised using Otsu thresholding [31] to detect the flame front. Consumption speed is
measured from linear interpolation (R2 > 0.95) of the area of burned gas as a function of
time in the front direction divided by the channel width. All images are colour inverted to
show areas where light is deflected by the flame in black.
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Results & Discussion

Initial propagation and development of instabilities - front view

Upon ignition with the electrodes in the centre (on the upper edge side), the flame
propagates towards the closed end confined between the two plates. The flame surface
grows smoothly due to mass and thermal diffusion. As the circular flame propagates, the
curvature decreases as the flame radius increases, and consequently the spatial flame velocity
increases or decreases, depending on the flame response to stretch and curvature, referred
to as the Marsktein length L [32–35].

This mechanism drives the initial smooth phase in our Hele-Shaw cells, which is also
affected by heat and momentum losses, while the expansion of burned products has little
effect because the open end on the ignition side suppresses the piston effect.

The density jump across the flame, causes a deviation of the non-perpendicular unburned
streamlines and acceleration of the flow passing through the flame, in accordance with the
conservation of mass [36]. Smooth flame propagation ends due to instabilities that develop
and corrugates the flame at a critical distance from ignition. This distance, called Rcrit

for spherical flames, is associated with the critical Peclet number Pec = Rcrit/δ∇ where
δ∇ = (Tb − Tu)/max(∇T ) is the flame thickness. In other words, instabilities are triggered
when advection overcomes thermal diffusion. It is known that the critical radius of freely
propagating spherical H2-air flames decreases with increasing pressure and increases with
the equivalent ratio [33, 37]. The presence of walls decreases Rcrit significantly (between 8
and 22 mm at ϕ = 1 compared to free spherical flames [38] Rcrit ∼ 75 mm [39] for H2-air
at ϕ = 1). Indeed, the sensitivity to perturbations induce a large deviation in the measured
Rcrit and lead to earlier development of instabilities in confined spaces.
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Figure 3: Consumption rate (red) with flame surface (blue) as a function of time. Front view of the H2-air
flame at ambient conditions (ϕ=0.57).

However, despite the development of instabilities, a steady consumption rate Scons (de-
fined as the rate of increase of the burned gas area divided by channel width) is observed
with small fluctuations due to cell splitting and cell merging (see Fig.3). Splitting of the crest
(the leading part of the flame) decreases the front burning rate, while merging of the cusps
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increases it [40]. Non-accelerating flames within Hele-Shaw was also reported for smaller gap
size (0.4 mm), with lean H2-O2 [20] and in larger gap (12.7 mm) for H2-air mixture [8, 41].
While unstable flames significantly increase the flame area, the consumption rate in our
Hele-Shaw cells saturates to a quasi-steady value far from the opposite wall where a closed
boundary could affect the flame.

Figure 4: Chronophotography of H2-air instabilities at ambient conditions. Hele-Shaw cell of 3.2 mm
thickness, visualization window: 25×138 mm. From left to right: ϕ = 0.32 with characteristic pattern of
T-D instabilities (∆t = 10ms); ϕ = 0.40 with T-A instabilities at the end of the chamber (∆t = 5ms); ϕ =
0.78 (∆t = 1ms); ; ϕ = 1.48 with D-L instabilities (∆t = 0.5ms). White dotted box indicate the window of
simultaneous schlieren visualisation.

Figure 4 illustrates the manifestation of characteristic instabilities in the Hele-Shaw cell
as the equivalence ratio (ϕ) increases from left to right. If the effective Lewis number
(Leeff ) [42] is small enough (below Lecritical), as it is the case for the lean H2-air mixture
(ϕ = 0.32) shown in Fig. 4 left, a characteristic T–D finger-like structure with local extinction
of the mixture in concave regions [43, 44] is visible.

As the equivalence ratio increases (ϕ = 0.40) in the second image from the left on Fig. 4
finger-like structures are still present. In the centre of the channel, T-A flattens the flame
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front before inducing strong oscillations as described in [12, 16, 45]. The amplitude of these
oscillations decreases as the flame reaches the end of the duct. Increasing the H2 fraction
(ϕ = 0.78) produces wider cells visible in the first half of the channel before smaller cells
appear in the lower right part. The cells on the left propagate faster and induce an upward
movement of the unburned mixture on the right side of the chamber [46]. Finally, in the
right image of Fig. 4 only large scale cells associated with D-L instability are visible for
large equivalence ratio (ϕ = 1.48). In this 30 mm wide channel these large scale D-L cells
almost disappear for ϕ = 2.68. Linear analysis of D–L instabilities [26, 47, 48] showed that
perturbation of small wavelength, λ, leads to unconditional stabilisation of D–L cells below
a critical value λc. Since λc increases with the equivalence ratio for rich mixtures, fewer cells
are visible on the right hand side of Fig. 4.

The behavior shown in Fig. 4 should not change when the flame propagates from bottom
to top. Buoyancy forces do not significantly alter the maximum pressure for ϕ ≥ 0.32
as demonstrated experimentally within Hele-Shaw cells of larger gap size (h = 10 mm)
by Veiga-López et al. [45]. For leaner mixtures, upward propagating flames have larger
perturbation wavelengths compared to downward propagating flames [45].

Asymmetry map - thickness view

Figure 5: Flame shapes in Hele-Shaw cells with a variable gap. H2-Air at ambient conditions. Raw inverted
schlieren images.

Flame propagation is now observed between the plates of the Hele-Shaw cells to describe
flame shape in this direction. Schlieren diagnosis is performed on the upper part of the
chamber to avoid the appearance of T-A instabilities and far enough from ignition to avoid
transient effects. The visualisation window is located about 40 mm from the ignition and
corresponds to the dotted white box in Fig. 4 right. The flame consumption speed remains
quasi-steady in this region, as described in the previous subsection. Depending on the gap
size, h, between the plates and equivalence ratio, ϕ, of the mixture, symmetric or asymmetric
flame shapes are generated within the thickness as shown in Fig. 5 (separated by the blue
dotted line). Observed flames are always curved between plates. Several flame fronts are
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sometimes visible on Fig. 5. This is due to the integrated information collected by the
schlieren diagnostic, which shows different cell tips visible in the front direction (Fig. 4).
Note that all fronts do not move at the same speed due to flame-induced perturbations of
the flow ahead of the flame. Finally, some cells may be advected upwards. When those cells
are symmetric, they all have the same shape, but asymmetric cases exhibit different shapes
and different cell tips, especially visible in Fig. 5 for h = 4.2 mm and ϕ = 0.48 and 0.57.
This is evidence of flame shape heterogeneity for asymmetric cases, while for symmetric cases
the flame maintains a constant shape, an important assumption for 2D simulations. In the
present results and discussion sections we focus on the lower front (closest to the ground)
which has the maximum downward velocity. The flame shape for smaller gap size (1.5 mm
not shown here) was symmetric for all equivalence ratios tested. The range of equivalent
ratio with asymmetric shapes increases as the gap size is increased up to ϕ = 1.31 for h = 4.2
mm. On the lean mixture side, transition from symmetric to asymmetric is sharper as a
function of gap size between h = 3.2 mm and h = 4.2 mm for ϕ = 0.32. Below ϕ = 0.25
and h = 4.2 mm the flame did not propagate far enough within the thickness to reach the
visualisation window. Observations made at different distances from ignition showed no
significant changes in flame shape compared to Fig.5, except in the case of T-A instabilities.

The asymmetry factor (S) is calculated as, S = 2
hrf

(|Aa−Ab|), where Aa and Ab are the

surface area of the flame on each side of the half-gap distance (noted a and b on Fig. 6),
h/2 is the half-gap distance, and rf is the flame extension (distance between the tip and
the tail). This method provides an asymmetry factor between 0 (if the flame is perfectly
symmetric) and 1 (if the flame is completely asymmetric). This normalisation also makes
it possible to compare different gap distances and flame lengths. An equivalent method is
used to define the asymmetry factor in [23, 24]. The difference between our definition and
that of Jiménez et al. [24] is only a factor of 2. As a result, the symmetry factor in our case
is limited to values strictly between 0 and 1.

Figure 6: Illustration of the front detection algorithm (red line) along with the method used to define
asymmetry factor.

Figure 7 shows the quantification of the asymmetry factor in our configuration. Detection
failures close to the wall causes high scattering between tests and are filtered out to keep
the centre of the flame. The maximum value of S is reached for ϕ = 0.57, 0.67 and 0.48
for h = 2.7 mm, 3.2 mm and 4.2 mm respectively. An asymmetric factor threshold of 0.15
is chosen to distinguish symmetric (filled symbols) from asymmetric (empty symbols) cases
for the remainder of the discussion.

In order to apply quasi-2D hypothesis in theoretical and numerical simulations we need
to know a priori whether the flame is rather symmetrical or not. Indeed, asymmetric
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Figure 7: Asymmetry factor as a function of equivalence ratio calculated with the method displayed on
Fig;6. H2-air at ambient conditions. Empty symbols represent cases with S > 0.15.

cases showed a heterogeneous front structure along the width of the channel, leading to
heterogeneity of the flow. First along the width, but also within the thickness, making the
application of Darcy’s law or the assumption of Poiseuille flow further away from reality
compared to a symmetric case.

Criteria for asymmetric/symmetric distinction

A first criterion to distinguish symmetric from asymmetric cases was proposed in [23] as
the ratio of gap size to flame thickness h/δ∇. The authors numerically observed that below
a critical value only symmetric cases are stable. This result has been confirmed by several
numerical studies [24, 40]. However, while there is a critical gap distance below which only
symmetric cases exist (see Fig. 5), symmetry is still present for h/δ∇ ∼ 12 as shown in
Fig. 8 (a). In addition, sensitivity of δ∇ calculations for lean mixtures induce variability of
the critical value. This motivates the need to find another criterion for the prediction of
asymmetric/symmetric flames. Note that consumption speed for lean mixtures and small
gap size (up to ∼ 5 × S0

L on Fig. 8 (a)) emphasises the risk related to the enhancement of
the destabilising effect of T-D with the increase in heat losses [49]. Those measurement also
confirms numerical results of the T-D induced velocity increase obtained in [29] (∼ 4−5×S0

L

for sufficiently large lateral 2D domains).
The linear stability analysis of the flame front gives us the growth rate associated with

the wave number of the perturbation, known as the dispersion relation (Eq. 1 obtained
from [26] neglecting higher order terms and with B1, B2 and B3 coefficients for variable
transport).

ω = ωdlS
0
Lk − δ∇[B1 + β(Leeff − 1)B2 + PrB3]S

0
Lk

2 (1)

In Eq.1 ω is the growth rate, β the Zeldovich number, Pr the Prandtl number, k the
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wavenumber of the perturbation, and σ = ρu/ρb the ratio of unburnt to burnt density, ρu
and ρb respectively. Finally, Le

eff is the effective Lewis number defined as [42]:

Leeff =


Ledeficient = LeH2 , for ϕ < 0.6

Leexcess+ALedeficient

1+A
, with

A = 1 + β(1/ϕ− 1), for 0.6 < ϕ ≤ 1
A = 1 + β(ϕ− 1), for 1 ≤ ϕ < 1.4

Ledeficient = LeO2 , for 1.4 < ϕ

(2)

where LeH2 and LeO2 are the ratios of the thermal and molecular diffusivity of hydrogen
and oxygen, respectively. Following Eq. 1, identical as Matalon [26], the condition

ω(kc) = 0 (3)

leads to

kc =
ωdl

δ∇[B1 + β(Leeff − 1)B2 + PrB3]
(4)

with,

ωdl =
1

σ + 1
[
√
σ3 + σ2 − σ] (5)

From Eq. 4, obtained for Lewis number close to unity, we can calculate the cut-off
wavelength (λc = 1/kc) below which the flame is stable (i.e. ω < 0). The flame properties
used, given in Table 1, are calculated with Cantera [50] using the Mével [51, 52] mechanism
and the Shock and Detonation Toolbox [53]. Matalon and Bechtold developed Eq. 1 for the
inviscid case of unconfined flames, which is far from our experimental conditions. However,
Eq. 1 provides a straightforward method for calculating the growth rate as a function of
wavenumber, which gives an estimate of λc. Nevertheless, an accurate determination of λc

requires a detailed numerical investigation [44, 54].
Results presented on Fig. 8 (b) show that for h/λc < 0.85 all cases are symmetric. If the

gap size is less than λc, all perturbations will be dumped. In this case no perturbation can
grow, as they are necessarily smaller than λc due to geometric confinement. Here, with a
gap size above 85% of the calculated λc, asymmetric flames can form. Numerical study [27]
showed that for channel gaps above λc the asymmetric flame is always the viable solution.
Two conclusions can be drawn from these observations: (i) either the dumping process of
perturbations with wavelength 0.85λc < λ < λc could form an asymmetric shape, or; (ii)
the calculation from Eq. 1 overpredicts λc and only perturbations with λ > λc grow to form
an asymmetric flame.

In fact, Eq. 1 is outside its validity limits for lean H2-air mixtures because the thin flame
approximation is not applicable anymore (from δ∇ = 0.66mm for ϕ = 0.4 to δ∇ = 1.68mm
for ϕ = 0.32). On the other hand, for lean mixtures, different kinetic mechanism could
lead to large variations (> 20%) of δ∇ and are certainly over-predicted with 1D flame
calculations. More detailed numerical simulations considering T-D instabilities showed larger
kc for lean H2 mixtures (kc ∼ 2.1δ∇ for ϕ = 0.4) [44, 54]. The authors in [44, 54] observed
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Figure 8: Left: Consumption speed Scons (front direction) nondimensionalised by unstretched laminar flame
speed S0L as a function of gap size, h, adimensioned by flame thickness, δ∇. Right: Asymmetry factor as a
function of channel gap (h) adimensioned by theoretical cut-off wavelength (λc). Empty symbols represent
asymmetric cases. Black dotted lines indicate the criteria below which only symmetric flame exist.

an augmentation of λc for mixtures with ϕ < 0.5, not captured with the model of Eq. 1.
This augmentation would increase the ratio h/λc, improve the correlation on Fig. 8 of
leaner mixtures, and increase the critical value above which asymmetric flames exist. The
dependence of the flame properties on the kc calculation from Eq. 4 is also important. In
Tab. 1 Zeldovi’ch number (β) is calculated from the explosion theory [56] and the flame
thickness from the temperature gradient. Nevertheless, this criterion retains the advantages
of being easily computable and giving accurate predictions to distinguish asymmetric from
symmetric cases for mixtures where ϕ ∼ 1. Although, extension to lean mixtures require
more detailed determination of λc.

Flame surface and influence on velocity

Interplay between surface growth and flame velocity needs to be accounted in 2D numer-
ical and theoretical studies to model 3D effects. Via a source term to account for the extra
surface and acceleration induced for example. Figure 9 shows the mean consumption speed
in the front view within the simultaneous visualisation window (front and thickness). The
overall evolution follows the same trend as the unstretched laminar flame speed (black line),
with some variations due to the gap size. The trends observed in Fig. 5 and Fig. 9 should
remain the same with a different heat flux. However, the minimum gap size below which
volumetric heat release becomes small relative to surface heat losses, will be affected. For
instance, there is no observable impact of gap size on consumption speed between h = 3.2
and 4.2 mm, while the asymmetry map is affected. Assuming identical convective heat
exchange coefficients for all gap sizes, the heat losses at the walls are equal for the same
composition. In the case of a smaller gap, as the heat losses are almost constant, only the
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Table 1: Combustion properties of the H2-Air mixtures studied. Initial conditions: p0 = 100 kPa, T0 =
300 K.

ϕ δ∇ (mm) S0L (m/s) σ β Leeff Pr B1 B2 B3 λc (mm)

0.32 1.68 0.111 3.9 5.4 0.31 0.69 7.75 2.15 1.95 1.91
0.4 0.66 0.2 4.44 4.77 0.31 0.68 9.36 2.46 2.59 1.92
0.48 0.46 0.41 4.92 4.51 0.31 0.68 10.89 2.74 3.21 1.82
0.57 0.38 0.69 5.4 4.26 0.32 0.68 12.5 3.02 3.89 1.93
0.67 0.35 1.03 5.87 3.92 0.53 0.68 14.12 3.29 4.59 2.9
0.78 0.35 1.39 6.31 3.55 0.6 0.67 15.67 3.55 5.27 3.42
0.89 0.35 1.73 6.66 4.12 0.67 0.67 16.93 3.75 5.84 3.64
1.02 0.35 2.07 6.9 4.9 0.8 0.66 17.83 3.89 6.25 4.11
1.16 0.35 2.36 6.87 4.74 0.94 0.63 17.74 3.87 6.21 4.59
1.31 0.34 2.59 6.74 4.61 1.06 0.6 17.24 3.79 5.98 4.83
1.48 0.33 2.75 6.58 4.67 1.39 0.58 16.64 3.7 5.71 5.92
1.66 0.33 2.83 6.41 4.63 1.46 0.56 16.02 3.6 5.43 6.01
1.87 0.33 2.83 6.22 4.46 1.52 0.54 15.34 3.49 5.13 6.1
2.1 0.34 2.76 6.02 4.51 1.58 0.52 14.64 3.38 4.82 6.34
2.37 0.35 2.64 5.81 4.7 1.64 0.51 13.89 3.26 4.49 6.72
2.68 0.36 2.46 5.58 4.7 1.69 0.5 13.11 3.12 4.15 7.1

1 Interpolated from experimental data [55].

heat release decreases due to smaller amounts of reactive within the plates, thus reducing
the consumption rate.
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Figure 9: Mean consumption speed, Scons (increase rate of burned gas area), measured from front direction,
along with a black line indicating unstretched laminar flame speed, S0L. Empty symbols represent asymmetric
case. H2-Air at ambient conditions.
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From the flame front, we can calculate the sum of the Euclidean distances between
pixels to obtain the flame area. The median value is calculated over the time interval
that corresponds to the common viewing range for both views. Flame area is measured
separately from front and thickness directions and adimensioned by the Hele Shaw horizontal
extension and gap width respectively, to obtain the 2D wrinkling factor, Ξ2D, on Fig. 10
(Afront/W and Athick/h for front (blue) and thickness (red) direction respectively). Both
Ξ2D show an increase in area relative to flat flame, especially for lean mixtures. Wrinkling
factor remains higher in the thickness than in the front direction for rich mixture. The
opposite trend is observed for lean mixtures. Cases with asymmetries (empty symbols)
exhibit higher dispersion. The differentiation between the symmetric and asymmetric cases
is more apparent for Athick/h. For rich mixtures (ϕ > 1), confinement moderates Athick/h.
Indeed, for ϕ = 2.68 the surface increases by 14% compared to the planar flame for h =
1.5mm, but goes up to 26% for h=4.2mm. From the front direction, confinement starts
to play a role for ϕ > 1.5 with area variation of 10%. Cell dynamics remains the main
mechanism driving the increase in flame area and consumption speed in the front direction.
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Figure 10: (a) 2D winkling factor computed from flames area, Afront and Athick, adimensioned by channel
width (W) and by gap size (h), for front (blue) and thickness (red) direction respectively, as a function of
equivalent ratio. (b) 3D wrinkling factor, Ξ3D = (Athick/h)× (Afront/W ). H2-air at ambient conditions.

Asymmetric flames increase flame area up to almost 50% compared to flat flames (∼
25% for symmetric flames). However, the maximum increase in flame area is due to T-
D instabilities at ϕ = 0.32 with an increase close to 176% probably due to larger heat
losses effect amplifying T-D instabilities for low Leeff [49, 57]. Note that for ϕ = 0.32
and h = 2.3mm, lateral confinement along the width induces an inverted T-D corrugated
V-shape flame in the front view, resulting in a larger surface increase of 240% compared to
a flat flame (cropped on Fig. 10 for clarity).

Two-dimensional theoretical analysis by Yanez et al. [58] based on the Sivashinsky equa-
tion showed that the mean wrinkling factor is around 1.4 (40% surface increase with a
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Figure 11: Amplification factor, I0 = (Scons/S
0
L)/(Ξ3D), with Ξ3D = (Athick/h)× (Afront/W ) as a function

of equivalent ratio ϕ and gap size h. H2-Air at ambient conditions.

maximum of 52% for ϕ = 0.85). Measurements in the front direction show a higher wrin-
kling factor for lean mixtures due to T-D instabilities, but a lower one for D-L alone. In our
cases, the 3D wrinkling factor, Ξ3D = Af/Ap = (Athick/h)× (Afront/W ) displayed on Fig. 10
(b), reaches a constant value around 1.5 for rich mixture if the gap size is large enough
(when the heat losses do not significantly affect the flame). Although a value up to 2.3 is
reached for lean mixtures. This calculation of Ξ3D assumes that the flame shape remains
constant along the entire channel width. As mentioned earlier, consideration of a constant
shape along the width is a strong assumption for asymmetric cases, but seems to be valid
for symmetric cases (see Fig. 5). Reconstruction of Ξ3D from 2D measurements made on
freely spherical flames leads to similar values for lean H2-air mixture [59].

To take into account the effect of flame surface wrinkling on flame velocity enhance-
ment Fig. 11 displays the amplification factor, defined in [29] as, I0 = (Scons/S

0
L)/(Ξ3D), as

a function of equivalent ratio. In fact, for a negative burnt Markstein length (lean side),
Scons/S

0
L is greater than Ξ3D (I0 > 1). Close to Lb = 0 (stoichiometry) I0 remains positive

(1 < I0 < 1.5), before decreasing as Lb increases (rich side). A faster decrease is observed
for smaller gap sizes, probably due to larger heat losses compare to volumetric heat pro-
duction. Increasing the surface area of the corrugated flame leads to greater curvature of
the flame front, providing additional velocity enhancement for negative Lb, whereas positive
Lb mitigates this feedback. Similar results were obtained in 2D numerically [29, 44] and
experimentally by 2D tomography on spherical flames [60], and are confirmed here with 3D
measurements. Presence of T-D instabilities also induce local variations of the equivalence
ratio [5, 44], leading to local variations of the laminar flame speed, which could cause an
overestimation of the local amplification factor. Note that unstretched laminar flames speed
are computed from 1D flame (displayed on table 1) and provide a lower value than experi-
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mental determination, especially for lean mixture [38, 61, 62]. An experimental value is thus
used for the leanest mixture studied (ϕ = 0.32). Figure 11 demonstrate that Damköhler’s
first hypothesis cannot be applied for mixtures with negative Lb, and turbulent model used
for hydrocarbons need to account for instabilities induced amplification factor.

Conclusion & Perspectives

A first experimental quantification of the asymmetry factor is presented in Hele-Shaw
cells with different thicknesses and for several equivalence ratios. Flame fronts are always
curved between plates. Either symmetric or asymmetric flame shapes are observed de-
pending on ϕ, with an increasing range of asymmetric cases as the gap size increases. The
homogeneity of the symmetrical flame shape brings the quasi-2D assumption closer to reality,
while the heterogeneity of the asymmetrical flame shape requires more precautions.

Our experimental results confirm numerical studies stating that below a certain gap only
a symmetric shape exists. Another criterion based on Matalon and Bechtold’s dispersion
relation, h/λc seems more appropriate than flame thickness to distinguish symmetric from
asymmetric cases. Actually, asymmetric shapes appear to exist between plates only when
the channel gap is at least of the order of cut-off wavelength. To confirm this trend, a better
determination of λc for lean mixtures is required.

As D-L dominates for rich mixtures, the velocity deficit increases with confinement for
smaller gaps. For lean mixtures, no significant effect of gap size on velocity is observed,
probably due to competition between D-L and T-D. However, presence of asymmetry affect
significantly the consumption speed.

The combination of simultaneous schlieren visualisation allows us to estimate the total
flame area. Symmetric and asymmetric flames lead to an increase in flame area of 25%
and 50%, respectively, compared to planar flames. While asymmetric cases increase the
flame area, the contribution of instabilities within the front direction remains larger for lean
mixtures (ϕ <0.5). Curvature within the thickness generates more wrinkling than in the
front direction only for rich mixtures. Estimation of the 3D wrinkling factor showed that
for ϕ > 1, the overall flame surface is 50% larger than the channel cross section if channel
gap is large enough (less otherwise). For lean mixture this value can reach up to 230%.

The evolution of the flame velocity compared to the unstretched laminar velocity as
a function of the 3D wrinkling factor gives us a first experimental amplification factor.
Negative Markstein mixtures are capable of greater velocity enhancement than area increase
alone, due to flame response to stretch and curvature generated by the instabilities. To the
authors’ knowledge, this is the first experimental quantification of this known effect taking
into account the 3D flame surface effect on premixed flame propagation velocity. This
first experimental estimation of the amplification factor allowed to quantify effect of surface
enhancement on laminar flames, and will hopefully contribute to the development of a model
capable to handle turbulence and instabilities for lean hydrogen air mixtures. As a matter
of fact, amplification factor measurement confirm that Damköhler’s first hypothesis is not
applicable for lean H2-air mixtures.
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Finally, influence of the calculation method of the flame properties should be considered
in detail. Unburned gas flow in front of the flame as well as heat losses at the walls must be
taken into account in order to assess the influence of heat and momentum losses on flame
shapes within the thickness and instabilities. Indeed, effect of losses on amplification factor
is not negligible.
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