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We show in this paper that a Hele-Shaw burner can be used for studying the development of premixed flame instabilities in a quasi-two dimensional configuration.

It is possible to ignite a plane flame at the top of the cell, and to measure quantitatively the growth rates of the instability by image analysis. Experiments are performed with propane and methane-air mixtures. It is found that the most unstable wavelength, and the maximum linear growth rate of perturbations, directly measured in the present experiments, have the same order of magnitude as those previously measured on flames propagating freely downwards in wide tubes.

Introduction

Hydrodynamic flame instabilities (see [START_REF] Clavin | Combustion waves and fronts in flows[END_REF] for a review) can be important for turbulent burning, particularly at high pressure [START_REF] Kobayashi | Flame instability effects on the smallest wrinkling scale and burning velocity of high-pressure turbulent premixed flames[END_REF][START_REF] Savarianandam | Burning velocity of premixed turbulent flames in the weakly wrinkled regime[END_REF][START_REF] Fogla | The turbulent flame speed for low-to-moderate turbulence intensities: Hydrodynamic theory vs. experiments[END_REF] . Many studies of turbulent combustion consider the weakly wrinkled regime where intrinsic instabilities are of primary importance to describe the evolution of the burning velocity [START_REF] Savarianandam | Burning velocity of premixed turbulent flames in the weakly wrinkled regime[END_REF]. These instabilities result in an enhanced flame front area that leads to self-turbulization of combustion, so the flame does not follow simply the incoming velocity fluctuations.

Despite the ever increasing capacity of computer simulations, it is still interesting to validate simplified models that can predict the flame front evolution starting from a reduced set of parameters. More specifically, the Sivashinsky equation [START_REF] Sivashinsky | Nonlinear Analysis of Hydrodynamic Instability in Laminar flames I. Derivation of Basic Equations[END_REF] is known to generate a front dynamics that is qualitatively in agreement with the propagation of unstable premixed flame fronts. This equation in its non dimensional version (see [START_REF] Almarcha | Premixed flames propagating freely in tubes[END_REF] for instance), can be written as: φ t + 1/2(φ x ) 2 = I(φ ) + νφ xx [START_REF] Clavin | Combustion waves and fronts in flows[END_REF] where φ is the flame front position, x the transverse coordinate, I(φ ) is the Landau operator corresponding to multiplication by |k| in Fourier space. The right hand size corresponds to the linear dispersion relation, of the form σ = akbk 2 , where σ is the growth rate of perturbations, k the wavenumber. This non dimensional version of the equation contains only one parameter ν: the number of unstable modes in the domain (ratio domain width/cut-off length scale), which can be obtained from the cutoff wavenumber k c such that every perturbation with a larger wavenumber is damped. This cut-off wavelength is also supposed to be the scaling length that controls the velocity of weakly turbulent flames [START_REF] Savarianandam | Burning velocity of premixed turbulent flames in the weakly wrinkled regime[END_REF] or of a self-turbulent flame with a fractal structure [START_REF] Gostintsev | Self-Similar Propagation Law and Fractal Structure of the Surface of a Free Expanding Turbulent Spherical Flame[END_REF]. This length can be evaluated by direct measurements [START_REF] Almarcha | Premixed flames propagating freely in tubes[END_REF] or from the knowledge of the stability limits of planar premixed flames [START_REF] Quinard | Limites de stabilité des structures cellulaires dans les flammes de prémélange, étude expérimentale[END_REF][START_REF] Quinard | Self-Turbulent Flame Speeds[END_REF], but with a lot of uncertainties.

Precise experimental studies of the hydrodynamic instability are rare, and even the propagation of a laminar flame in a tube can lead to a very complex non-linear evolution if the tube is large enough [START_REF] Almarcha | Premixed flames propagating freely in tubes[END_REF]. It has been suggested by Joulin and Sivashinsky in [START_REF] Joulin | Influence of Momentum and Heat Losses on the Large-Scale Stability of Quasi-2D Premixed Flames[END_REF] and first obtained experimentally by Ronney in [START_REF] Sharif | Premixed-Gas Flame Propagation in Hele-Shaw Cells, Spring Technical Meeting[END_REF] (see also [START_REF] Wongwiwat | Flame Propagation in Narrow Channels at Varying Lewis Number, 25th ICDERS[END_REF]), to study flames in a quasi two dimensional configuration in a Hele-Shaw cell. We study here, following the paper [START_REF] Almarcha | Experimental Two Dimensional Cellular Flames[END_REF], where qualitative results were presented, this configuration, where the flame dynamics is more easily recorded with a high-speed camera than in a cylindrical burner. We will show in the present paper that this Hele-Shaw configuration allows quantitative measurements of the growth rates of the instability at different equivalence ratios for propane and methane-air flames. We measure important parameters of the non-linear modelling : the cut-off wavelength λ c and a characteristic growth rate σ max of the most unstable perturbation with wavelength λ max ∼ 2λ c .

Let us recall that in the literature, the growth rates of the Darrieus-Landau instability have only been measured twice, first by Clanet and Searby for very lean propane air flames [START_REF] Clanet | First experimental study of the Darrieus-Landau instability[END_REF] by using an acoustic field to create initially a plane flame, then by Truffaut and Searby [START_REF] Truffaut | Study of the Darrieus-Landau instability on an inverted-'V' flame, and measurement of the Markstein number[END_REF] for rich propane air flames by studying the development of the instability on an oblique flame. On the other hand, several direct numerical simulations measuring the instability growth rate exist, but often with a one step global chemistry (see for instance [START_REF] Denet | A numerical study of premixed flames Darrieus-Landau instability[END_REF]) and even in the present Hele-Shaw configuration in an effective 2D formulation [START_REF] Kang | A Computational Study of Saffman-Taylor Instability in Premixed Flames[END_REF][START_REF] Kang | Effects of heat and momentum losses on the stability of premixed flames in a narrow channel[END_REF].

It turned out possible to control the initial flame shape in order to study the development of corrugations starting from a planar flame, thus measuring the growth rate of perturbations with various wavelengths. We use a plate with periodic indentations to force a specific wavelength on the front. The protocol of the experiment will be presented first before discussing the procedure that can be used to determine the cut-off wavelength.

Experimental methods

The Hele-Shaw burner consists of two glass plates 50cm wide and 150cm high, separated by an adjustable gap width that will however in this article be kept constant at 4.7mm (Figure 1). The 50cm width has been chosen to accommodate several unstable wavelengths, typically 100 close to stoichiometry (we actually measure the most unstable wavelength, which is approximately λ max ∼ 2λ c for a Darrieus-Landau dispersion relation σ ∝ kk 2 ). The 4.7 mm thickness is a compromise, sufficiently small not to have cells in the thickness, but not very small in order to be far from extinction.

The burner is mounted vertically with the inlet gas mixture at the bottom, open at the upper end and it is closed on both vertical sides. The equivalence ratio (φ ) and dilution (δ = O2/(O2 + N2)) of the premixed gas are controlled via a PC interface connected to mass-flow regulators Bronkhorst EL-Flow with an accuracy of 1%.

The operating procedure is as follows : after each run, the air flow is opened and maintained until the burner walls have cooled to ambient temperature. The flow of combustible mixture is then adjusted to the desired equivalence ratio and dilution, and a 2D inverted V-flame (a 2D Bunsen flame) is ignited at the top of the burner where it remains anchored thanks to a flow rate in excess compared to the laminar flame velocity.

Closing the valve at the bottom of the burner stops the flow and the downwards flame propagation is recorded using a high-speed video camera (Photron FASTCAM SA3).

The decrease of the flow is sufficiently smooth so that the deceleration effect is much smaller than that of gravity and doesn't perturb the growth rate measurement. In addition, the acoustic modes of the cell are not observed during the early stages of destabilization where we measure the growth rate.
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Free propagation

The successive positions and shapes of the flame front drawn on Figure 2 show the natural development of corrugations induced by the intrinsic flame instability. Starting from a quasi planar shape when the flame enters the cell, the flame evolves classically first in a linear stage followed by a crest coalescence period that would end with a stationary regime controlled by coalescence and creation of new cells [START_REF] Almarcha | Experimental Two Dimensional Cellular Flames[END_REF]. Let us note that the Sivashinsky equation has exactly the same type of behavior for a large number of unstable modes in the presence of noise. Discrete Fourier transforms of these profiles confirm this tendency with a linear development of corrugations up to the time t = 0.1s. After that time perturbations with wavenumbers around and slightly smaller than k max reach important amplitudes (see Figure 3).

Figure 4 shows the amplitude of different Fourier modes in logarithmic scale versus time, that can be used to measure a linear growth rate with an accuracy of about ±10%.

In Figure 5 (what is actually plotted is the amplitude divided by the wavelength), we illustrate the different regimes in the development of perturbations: a noise dominated regime at low amplitude, a linear regime followed by a non linear saturation. The Such an analysis gives access to the linear growth rate for each mode with noticeable amplitude (see Figure 6), but perturbations with wavenumbers slightly higher than k max were not easily measurable, as their initial amplitude was too small. 

Forced propagation

To bypass the difficulties with the free propagation method, we used a forcing of the inverted V flame at the top of the cell. A plate with periodic indentations was placed a few centimeters above the burner exit, thus forcing the flame response at the desired wavelength.

This plate is placed at the top of the burner as shown in figure 7. Its position relative to the glass plate is a compromise: the perturbation amplitude must not be too large to allow a sufficient growth in the linear regime, but not too small either to overcome the noise and imprecisions of the measures. with a forcing at a wavelength 20mm. At the beginning of propagation, the flame is almost plane, then a very regular perturbation appears and a linear evolution is seen up to a time of approximately 0.1s. After this time, the non linear effects come into play, leading to a complex evolution controlled by the coalescence of the crests present on the front. Fourier analysis of the flame front position confirms that the amplitude of the forced perturbation is larger than the one of spontaneous corrugations (Figure 9).

Figure 10 shows the perturbation amplitude corresponding to the forced wavelength in logarithmic scale, compared to the most unstable wavelength λ max which is present anyway even without specific forcing. The indentations on the forcing plate are shown in Figure 7, the forcing at a particular wavelength is only approximate, there are also other wavelengths being created. These wavelengths have a much lower initial amplitude, but the amplification is exponential, after some time the most unstable wavelength is always observed. As seen in Figure 10, it is relatively easy to obtain the growth rate corresponding to the forcing wavelength. Let us note however that it The linear growth rates of the perturbations can be measured in a range of wavenumbers where σ is typically larger than half its maximal value. Outside this range the measurement of the perturbation is biased by the spontaneous evolution of the most unstable wavelength. Depending on the experiment, the accuracy of each measurement of the linear growth rate can be estimated between 5 to 10% of the measured value, depending on the equivalence ratio and amplitude of initial forcing.

As shown in Figure 11 where growth rates obtained by the forcing method (empty green diamonds) are superimposed to the previous results obtained by free propagation (crosses), the use of forcing represents a marked improvement. Values of growth rates in the descending part of the dispersion relation can now be obtained, the precision is generally better, the most unstable wavelength, an important physical parameter, can be obtained in a much easier way.

We show in Figure 12 the error bars corresponding to the two wavelengths of Figure 10. It can be seen that the typical error for a forced wavelength is much smaller than in an unforced case. In this last case the initial noise present for small times makes it difficult to choose accurately the slope of the line fitting the experimental points, leading to a large error bar on the growth rate.

3 Propane-air and methane-air mixtures

Growth rates

The results for propane-air flames are plotted for different equivalence ratios in Figure 13. The lines in this figure are best parabolic fits (of the form σ = akbk 2 ) through the data [START_REF] Clavin | Combustion waves and fronts in flows[END_REF], the symbols are measurements using the forced propagation method. The Fit by a second order polynomial: blue curve by Pelcé and Clavin [START_REF] Pelcé | Influence of hydrodynamics and diffusion upon the stability limits of laminar premixed flames[END_REF] (see also [START_REF] Clavin | The influence of the temperature dependence of diffusivities on the dynamics[END_REF] for temperature dependent diffusivities), Matalon and Matkowsky [START_REF] Matalon | Flames as gasdynamic discontinuities[END_REF], Frankel and Sivashinsky [START_REF] Frankel | The effect of viscosity on hydrodynamic stability of a plane flame front[END_REF]. These articles do not include heat and viscous losses. The two last papers obtain, for zero gravity, the growth rates in the form σ = akbk 2 , where a depends on gas expansion and laminar flame velocity and b depends on Lewis number : this is apparently valid for small wavenumbers and for every Lewis number except very low Lewis numbers where b would become negative. Figure 14 shows the same type of results for methane-air mixtures (symbols, experimental measurements by the forcing method, lines, best parabolic fit). Note that this is the first time that growth rates of methane-air flames are obtained experimentally, the results of the literature being limited to propane-air flames. We have less difficulties for methane than for propane air flames, the results for methane can be obtained even for rich flames.

The maximum growth rate first begins to increase with the equivalence ratio up to φ = 1.1, then sharply decreases for rich flames. On the lean side, the growth rate decreases less than in the propane case (the limiting component is methane, with a Lewis number close to unity). A parabolic fit through such measurements gives access to the maximum growth rate σ max and to the most amplified wavenumber k max , We will report these quantities in the next subsection.

The growth rates of the flames shown in Figures 13 and14 correspond to downward propagating flames. In the propane case, we compare in Figure 15 the growth rates of upward and downward propagating flames for an equivalence ratio of 0.9 and a cell thickness of 3.5mm (for this thickness the growth rates are slightly smaller). As expected (see [START_REF] Pelcé | Influence of hydrodynamics and diffusion upon the stability limits of laminar premixed flames[END_REF][START_REF] Clavin | The influence of the temperature dependence of diffusivities on the dynamics[END_REF]), upward propagating flames are more unstable, but the difference is not extremely large. According to Joulin and Sivashinsky [START_REF] Joulin | Influence of Momentum and Heat Losses on the Large-Scale Stability of Quasi-2D Premixed Flames[END_REF] the main effect of viscous losses (Saffman Taylor effect) is to act like upward gravity, and thus increase the growth rate. We will see that our measurements in the Hele-Shaw burner are lower than previous measurements, suggesting that the effect of viscous losses is small and much lower than the effect of heat losses, as in the numerical simulations of Kang Baek and Im [START_REF] Kang | Effects of heat and momentum losses on the stability of premixed flames in a narrow channel[END_REF]). In accordance with the theoretical analysis of Joulin and Sivashinsky, we find that the primary instability in the Hele-Shaw burner is due to Darrieus-Landau effects. However these effects are reduced by heat losses. .Figure 15 shows a small effect of buoyancy. With the cell thickness we use (in order to have a quasi two dimensional propagation), flames with a very small burning velocity are quenched, which limits the role of buoyancy. Slow flames can be obtained for very lean or rich flames, but another possibility is to vary the dilution by adding nitrogen. We show in Figure 16 the growth rates of downward propagating methane flames (φ = 1.1) for different dilutions (we recall that δ = O2/(O2 + N2) is a dilution in oxygen). Reducing δ (adding nitrogen) reduces the flame speed and increases the role of gravity. Let us note however that we were not able to measure growth rates for flames close to the stability threshold far for the most unstable wavelength. 

Maximum growth rate

In Figure 17, we show for propane and methane-air flames our values for the maximum growth rate σ max in the Hele-Shaw burner versus equivalence ratio compared to the previous results of the literature for the propane case. Let us first consider the propane case, our values are plotted in red, the values of Clanet and Searby [START_REF] Clanet | First experimental study of the Darrieus-Landau instability[END_REF] in magenta, the values of Truffaut and Searby [START_REF] Truffaut | Study of the Darrieus-Landau instability on an inverted-'V' flame, and measurement of the Markstein number[END_REF] in black. These different authors all report the maximum growth rate in a narrow range of equivalence ratio. We have already explained in a previous section the limitations we have in the present Hele-Shaw experiment, let us discuss these two previous articles. In the Clanet Searby case, there is a limitation to very lean propane flames because the method they use to obtain a plane flame (parametric restabilization of the front by an acoustic field) works only for very slow flames. Let us also note that Clanet and Searby do not report actually the maximum growth rate but measure only the growth rate for one wavenumber (expected to be close to the maximum). Truffaut and Searby on the other hand, measure the growth of perturbations on oblique flames ; there is apparently a limitation to the rich case in order to anchor the flame.

The values that we measure for the growth rate are of the same order of magnitude as these two previous experiments but seem to have a lower value, particularly compared to Truffaut and Searby. We interpret these lower values in the Hele-Shaw cell as being caused by the heat losses to the walls. We include in appendix A measurements of velocity profiles, which seem to indicate that the effective gas expansion in the Hele-Shaw burner is smaller than for flames propagating in tubes.

Unfortunately, we could not obtain growth rates for the same equivalence ratio as the previous measurements. As in the case of propane growth rates decrease quickly for lean flames, the difference between our values in the Hele Shaw cell and measurements of Clanet and Searby [START_REF] Clanet | First experimental study of the Darrieus-Landau instability[END_REF] and Truffaut and Searby [START_REF] Truffaut | Study of the Darrieus-Landau instability on an inverted-'V' flame, and measurement of the Markstein number[END_REF] is probably around 30%, except close to extinction.

For the methane-air case our experimental measurements are the first ones in the literature. For lean or stoichiometric flames, σ max is close to the value obtained for propane, then the growth rate decreases on the rich side.

Figure 18 reports the values of k max , the wavenumber corresponding to the maximum growth rate. Clanet and Searby do not measure this value since they force their front at one wavelength, but we have added the results of Quinard [START_REF] Quinard | Limites de stabilité des structures cellulaires dans les flammes de prémélange, étude expérimentale[END_REF][START_REF] Quinard | Self-Turbulent Flame Speeds[END_REF] obtained at the threshold (for σ max = 0) for flames highly diluted with nitrogen. This high dilution leads to smaller values of k max [START_REF] Clanet | First experimental study of the Darrieus-Landau instability[END_REF], so it is not surprising that the Quinard values are smaller, both in the propane and the methane case. For the propane case, the values we obtain (in red) seem smaller than the Truffaut Searby values, but naturally larger than the Quinard values (light blue). For the methane case (green points), we The values of k max can be used to obtain the cut-off wavenumber k c ≈ 2k max , leading to our estimates of the number of unstable modes (typically 100 close to stoichiometry)

in our 50cm burner. The Hele-Shaw burner thickness we use (4.7mm) is close to the cut-off wavelength in this case, since it has been chosen to prevent the appearance of cells in the thickness while being sufficiently large to reduce the heat losses effects. presented here, the forcing method is more precise than the free propagation method.

We would like however to compare the forcing method to the methods previously used in the literature to measure growth rates.

Let us start with a general comment. In direct numerical simulations, measurements of growth rates have become relatively common, at least with a one-step chemistry (see for instance [START_REF] Denet | A numerical study of premixed flames Darrieus-Landau instability[END_REF][START_REF] Kang | Effects of heat and momentum losses on the stability of premixed flames in a narrow channel[END_REF]). In the experimental literature, on the other hand, we have only two papers, Clanet and Searby [START_REF] Clanet | First experimental study of the Darrieus-Landau instability[END_REF] and Truffaut and Searby [START_REF] Truffaut | Study of the Darrieus-Landau instability on an inverted-'V' flame, and measurement of the Markstein number[END_REF], both for propane-air flames.

Clanet-Searby method

Clanet and Searby use an acoustic field of sufficient amplitude to stabilize a plane flame.

They stop the acoustic forcing, perturb the flow with a grid (array of wires), and look at the evolution to measure the growth rate. This is the first experiment where growth rates of the hydrodynamic instability were measured. However, this experiment has a number of drawbacks.

1. First of all, the amplitude of the acoustic field must be chosen in order to stabilize the plane flame. For slow flames (< 20 cm/s), e.g. very lean propane-air flames, this is indeed possible, but for relatively fast flames, for instance close to stoichiometry, there is simply no acoustic amplitude able to stabilize the plane flame. On the other hand, the Clanet Searby method would probably also work for flames diluted with nitrogen.

2. The evolution after the acoustic forcing is stopped starts with an important acceleration. Normally, a Darrieus Landau instability for any wavenumber generates two modes, a growing mode (the one where we measure growth rates in the present paper) and a decaying mode. With a large initial acceleration the amplitude of the decaying mode is large. As a result the precision of the measurement is low, Clanet and Searby use some fit with two exponentials to measure the growth rate. 
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We thank Guy Joulin for many stimulating discussions on the Hele-Shaw configuration. which can be compared to the value obtained by Cantera [START_REF] Goodwin | Cantera: An object-oriented software toolkit for chemical kinetics, thermodynamics, and transport processes[END_REF] with a San Diego mechanism [26] E = 7.57 for propane at φ = 0.9. As expected the value obtained experimentally is slightly lower, probably because of heat losses. The typical thickness of the velocity profile is also close to the one given by complex chemistry, shown as a dashed line on the figure. Note that these profiles are obtained by PIV, it is possible that out-of-plane effects exist in this configuration. It seems that as suggested by Joulin and Sivashinsky [START_REF] Joulin | Influence of Momentum and Heat Losses on the Large-Scale Stability of Quasi-2D Premixed Flames[END_REF] heat losses have an important role in the Hele-Shaw cell, which
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 4 comparison of the different experimental methods to measure growth rates We have presented in this article experimental techniques to measure growth rates of the flame hydrodynamic instability in a Hele-Shaw cell. Among the two techniques
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 3 The initial wavelength is created by a grid in the tube. ApparentlyClanet and Searby have tried grids with several wavelengths, but were only able to report results for one wavelength. It is difficult to know exactly what were the problems at the time (they claim in the article that the method should work for several wavelengths), but let us contrast that with our method with the forcing plate at the top of the cell. If the forcing is too large (so that we have no linear regime) or too small (then we have noise) we simply move the forcing plate and perform a new experiment. It seems difficult to control the initial amplitude in such a way in the Clanet Searby setup. than the two previous experiments, suggesting that heat losses is the dominant effect.Nevertheless except close to extinction, our values of growth rates are not completely different from the previous experiments. The general form of the dispersion relation is also the one typical of a Darrieus-Landau instability.5 ConclusionWe have shown in this article that a Hele-Shaw burner, a configuration proposed twenty years ago by Joulin and Sivashinsky, can be used for a quantitative analysis of flame instabilities. The instability in a Hele Shaw cell, although apparently smaller because of heat losses, is close to the usual Darrieus Landau instability observed in tubes. Because of the quasi two dimensional geometry, the experiments are relatively easy to perform. Very unstable flames (hundred of unstable modes, a situation typical of high pressure premixed flames) can be obtained here at atmospheric pressure. It was possible to obtain a plane flame at the top of the burner and study the development of perturbations by a simple image analysis. In this article, we have insisted on the experimental technique needed to obtain quantitative results. We plan to study in future papers if our results are comparable to existing experiments in terms of Markstein length and if the dispersion relation measured here can help in the non linear modelling of the front propagation.
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Truffaut-Searby method

Truffaut Searby use an electrostatic forcing on one side of an inverted V-flame and study the development of the perturbation to measure the growth rates. It seems limited to rich flames (to anchor the flame probably) and to relatively large wavenumbers : the authors consider that the two sides of the flame perturb each other for low wavenumbers and do not report the growth rates in this case. It is not obvious anyway that the perturbations on an oblique flame behave exactly in the same way as for plane flames for small wavenumbers. The Truffaut Searby method is interesting compared to Clanet and Searby method since they can control the initial amplitude of the perturbation with the electrostatic forcing in order to stay in the linear regime. This experiment is probably more precise than that of Clanet and Searby, and works for fast flames. There is however the possibility of having vortices created behind the forcing rod which were apparently encountered in some cases [START_REF] Truffaut | Etude expérimentale de l'origine du bruit émis par les flammes de chalumeaux[END_REF] and could perturb the measurements.

Present experiment

In the present experiment, the initial objective was to study flame instability in Hele-Shaw cells quantitatively. It was found possible thanks to the forcing method, which allows us to control the initial amplitude of the perturbation. Compared to the experiment of Truffaut and Searby, the method works for lower equivalence ratio in the propane-air case and lower wavenumbers, but until now we were unable to perform measurements for rich propane-air flames. Of course there are two main effects, viscous losses and heat losses, which exist in a Hele-Shaw cell and are not present in a tube.

Viscous losses (Saffman-Taylor effects) are supposed to increase the growth rate, heat losses to lower it. We found definitively that the growth rates we measured were lower Conflict of Interest: The authors declare that they have no conflict of interest.

Appendix A Gas expansion

We have shown in this article that the growth rates of the hydrodynamic instability in the Hele-Shaw cell, are generally smaller than those in a tube, which suggests that heat losses play a role. It would be interesting to measure the temperature profile in the burner, but this is a difficult task. We show in this section that by measuring the velocity field on both sides of the flame , burnt and fresh gases, by a PIV technique using cesium oxide particles as seeding material, experimental values of the expansion ratio E can be obtained. It is known [START_REF] Frankel | On effects due to thermal expansion and Lewis number in spherical flame propagation[END_REF] that the normal mass flux is not exactly conserved across the flame, so measuring the velocity jump between fresh and burnt gases does not give exactly the expansion ratio, however for our purpose we only need approximate values of the expansion ratio (these values will be used to discuss in more detail the Darrieus Landau instability in the Hele-Shaw burner in future papers).

Figure 19 (propane φ = 0.9) shows the velocity field in the fresh and burnt gases and the normals at different positions on the front in a small cell (60 cm×1.5 cm× 5 mm).

We use a smaller cell here in order to reduce the presence of cusps on the front, the heat losses however are slightly increased. could be described by a lower gas expansion.