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INTRODUCTION

The presence of intrinsic instabilities in the laminar flame front and their significance in engineering applications are well documented [START_REF] Searby | Experimental studies of laminar flame instabilities[END_REF]. One of these instabilities known as Darrieus-Landau (D-L) is induced by the gas expansion and can lead to complex non-linear evolution of the flame front. The quantitative study of the instability in three dimensional experimental set-up is considered to be difficult. Hence, Joulin and Sivashinsky [START_REF] Joulin | Influence of Momentum and Heat Losses on the Large-Scale Stability of Quasi-2D Premixed Flames[END_REF] proposed to use quasi two-dimensional Hele-Shaw burner for the studies. In this regard, the investigation of D-L instability in Hele-Shaw burner is compared numerically, theoretically and experimentally.

In this study, first the linear stage dynamics are analyzed at the early instances of the flame propagation and growth. Initially, small sinusoidal perturbations are introduced in the flame front and are allowed to grow over time. The linear stage growth is exponential and is comparable to classical dispersion relation approximation σ ≈ |k|k 2 , where k is the wavenumber. This set-up allows the measurement of growth rate of distinctive wavenumbers. This initial study paves the way towards analyzing long-time non-linear dynamics. The Michelson-Sivashinsky (MS) equation [START_REF] Sivashinsky | Nonlinear analysis of hydrodynamic instability in laminar flames-I. Derivation of basic equations[END_REF],

φ t + u A 2 φ 2 x = 4σ M k c φ xx k c + I(φ, x) , (1) 
can be used to define the evolution of the non-linear dynamics involved in the flame instability. Where, φ is the vertical position of the flame front, σ M is the maximum growth rate, I(φ, x) is the Landau operator and u A is linked with density ratio and flame speed. The used experimental set-up is detailed in Al Sarraf et al. [START_REF] Sarraf | Darrieus-Landau instability and Markstein numbers of premixed flames in a Hele-Shaw cell[END_REF]. The numerical method presented in this work is based on the Hybrid Lattice Boltzmann method [START_REF] Tayyab | Hybrid regularized Lattice-Boltzmann modelling of premixed and non-premixed combustion processes[END_REF]. To the best of authors' knowledge, corresponding flame instabilities were never documented under such numerical framework.

NUMERICAL METHOD

In this work, a regularized thermal Lattice Boltzmann (LB) model is coupled with the Finite Difference (FD) solver. The LB solver consists of Bhatnagar-Gross-Krook (BGK) model [START_REF] Bhatnagar | A Model for Collision Processes in Gases. I. Small Amplitude Processes in Charged and Neutral One-Component Systems[END_REF],

f i (x + c i δt, t + δt) -f i (x, t) = - 1 τ [f i (x, t) -f eq i (x, t)], (2) 
where τ is a non-dimensional relaxation time, δt is the time-step and f eq i the modified equilibrium distribution function corresponding to the Maxwell-Boltzmann distribution projected on Hermite space. The pressure p ρc 2 s θ is linked to the ideal gas law. In order to recover the macroscopic variables, the moments of equilibrium function on the standard lattices (D2Q9, D3Q19, D3Q27, etc.) are used. Furthermore, using the Chapman-Enskog multiscale technique [START_REF] Chapman | The Mathematical Theory of Non-Uniform Gases[END_REF] , Navier-Stokes equations can be recovered. The FD solver consists of the conservation equations of Species and Enthalpy.

The method is compressible and incorporates full thermo-fluid coupling. Along with recovering classical multicomponent thermo-dynamics closure including component-specific variable specific heat capacity and transport properties, as well as non-unity Prandtl number.

RESULTS

The computational domain with 160 mm width is initialized and discretized as dx = 1e -4 . This corresponds to 5 points in the flame thickness. The LB solver is based on the D3Q19 lattice and use period boundary condition along x axis. 1-D premixed computed profiles from propane/air mixture at equivalence ratio 0.8 are used to initialize the flame front along with sinusoidal perturbations of different wavelengths for each simulation. The initial growth is measured and theoretical dispersion relation approximation,

σ = 4σ M k c |k| - k 2 k c , (3) 
is then fitted on the computed results, where k c is the cut-off wavenumber. Figure 1a shows good agreement between the theoretical, experimental and numerical simulation results the growth rate with varying wavenumbers. Thus, the measurement of the D-L instability in a Hele-Shaw burner can be used as validation of the Hybrid LB solver. In order to compute the non-linear dynamics, initial perturbations are used as in experimental study. 

CONCLUSIONS

This study provides a quantitative comparison of the Darrieus-Landau instability in linear and non-linear regimes using Hybrid Lattice Boltzmann method. The numerical simulation measurements are in agreement with the theoretical and experimental results. These results will further encourage to analyze the effects of complex chemical descriptions and acoustic perturbations in the intrinsic instabilities, with Lattice Boltzmann method.
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 11 Figure 1: a) Growth rate measurements compared with varying wavenumbers in the linear regime. Analytical Solution (solid line), Simulation Results (red solid circles) and Experimental Results (blue hollow circles). b) Evolution of the flame front in non-linear regime. The contours presented here are artificially offset to show distinct flame front shapes.