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The control of ignition in a rocket engine is a critical problem for combustion chamber design. Delayed ignition may lead to high amplitude pressure fluctuations that can damage the burner (strong ignition) whereas early ignition may fail. This paper describes a numerical study of a strong ignition sequence observed in a laboratoryscale single-injector rocket chamber ignited by a laser and fueled with gaseous oxygen and hydrogen. OH-emission images, Schlieren pictures and pressure measurements allow to follow the flame propagation experimentally. The present Large Eddy Simulation (LES) approach includes shock treatment, a 6 species -7 reaction chemical scheme for H 2 -O 2 and a model for the energy deposition by a laser.

Flame/turbulence interaction is modeled with the thickened flame concept. LES is used to compute both the filling phase (during which the gaseous hydrogen and oxygen mix) and the ignition phase. The flame location and structure as well as the temporal evolution of the chamber pressure obtained numerically are in good

Introduction

Understanding ignition processes is extremely important to design reliable combustion devices. The technical needs for internal-combustion (IC) engines and aircraft combustors have motivated a large range of theoretical, experimental and numerical studies on ignition phenomena. Under uniform mixture condition with no flow, the minimum energy to trigger a chemical run-away as well as the critical radius and the duration of the spark have been extensively studied, analytically and experimentally [START_REF] Williams | Combustion theory[END_REF][START_REF] Glassman | Combustion[END_REF][START_REF] Champion | [END_REF][4]. In turbulent premixed flows, stretch and convective effects can lead to the failure of ignition [START_REF] Glassman | Combustion[END_REF][5][6][START_REF] Baum | Etude de l'allumage et de la structure des flammes turbulentes[END_REF].

In turbulent non-premixed configurations such as jet and bluff-body flows, ignition failure is mainly due to incomplete mixing at the spark location [START_REF] Ahmed | [END_REF]9].

Other studies of Ballal and Lefevre [10] and of Danis [START_REF] Danis | Spark Ignition of Monodisperse Fuel Sprays[END_REF] show the influence of two-phase flow effects on spark ignition.

In rocket engines ignition is a critical phase for safety and payload-cost constraints. The development program of future launchers often focusses on multiplepayload capability based on re-ignitable upper stage engines. In this context, ignition control is critical as it must be repeatable without failure.

The combustion initiation in rocket engines is usually based on pyrotechnic devices. Burned gases are injected into the chamber while the valves of propellants are simultaneously opened. Ignition in such configurations is mainly driven by turbulent mixing, convective effects, thermodynamic conditions, interaction between the under-expanded pyrotechnic jet and propellants jets, chemistry and two phase flow effects [START_REF] Williams | Combustion theory[END_REF]. Most of these processes have been studied separately but due to measurement difficulties, experimental data on rocket ignition transient is limited [START_REF] Mcmanus | Analysis of the ignition sequence of a nonpremixed combustor using PLIF imaging[END_REF][START_REF] Mayer | [END_REF][14][START_REF] Schmidt | AIAA Aerospace Sciences Meeting and Exhibit[END_REF][START_REF] Gurliat | [END_REF][START_REF] Rosa | AIAA Joint Propulsion Conference & Exhibit[END_REF]. McManus et al. [START_REF] Mcmanus | Analysis of the ignition sequence of a nonpremixed combustor using PLIF imaging[END_REF] have investigate ignition processes recording the laser-induced fluorescence of the OH radical in a combustion chamber composed of three injectors fed with gaseous hydrogen and air. Ignition was triggered by a spark plug and the experiment showed that after the initiation of the kernel, the flame propagated in a partially premixed mode before stabilizing in a diffusion mode. Mayer et al. [START_REF] Mayer | [END_REF] studied the atomization of a liquid oxygen jet by a surrounding gaseous hydrogen jet and the effect of ignition on atomization processes. Gurliat et al. [START_REF] Gurliat | [END_REF] and Schmidt et al. [START_REF] Schmidt | AIAA Aerospace Sciences Meeting and Exhibit[END_REF] have experimentally studied laser ignition sequences of a gaseous hydrogen and liquid oxygen (GH 2 -Lox) spray in a small scale combustion chamber with a single shear coaxial injector. Smooth and strong ignition processes were analyzed via high speed OH-imaging and Schlieren images. De Rosa et al. [START_REF] Rosa | AIAA Joint Propulsion Conference & Exhibit[END_REF] reproduced the analysis of [START_REF] Gurliat | [END_REF] under vacuum conditions.

Numerical simulations of rocket ignition are mainly based on the Reynolds

Averaged Navier-Stokes (RANS) approach : for example, Schmidt et al. [14] and Karl et al. [START_REF] Karl | 3rd International Workshop on Rocket Combustion Modeling[END_REF] carried out simulations of the ignition sequence of the laboratory-scale rocket engine operated at the Lampoldshausen DLR center [START_REF] Schmidt | Preliminary results of test case "A" laser ignition tests for coaxial GH2/GO2-Injection[END_REF]. The numerical study presented in [14] did include out the entire ignition sequence. In [START_REF] Karl | 3rd International Workshop on Rocket Combustion Modeling[END_REF] the DLR-Tau code was used and results showed how the flame propagated in the whole chamber volume but overpredicted the maximum value of the pressure by 45% compared to experiment. The authors explained this result by the fact that the calculation was performed in two dimensions without nitrogen dilution (the filling phase was not simulated) and without turbulence effects.

Large Eddy Simulation (LES) is a powerful tool to study unsteady complex flows. The concept of explicitely solving for the large geometry-dependent turbulent scales while modelling the dissipative behavior of the smaller scales, combined with high order numerical schemes and optimized unstructured meshes, has already shown its accuracy for turbulent non-reacting [START_REF] Moin | [END_REF][21][START_REF] Lesieur | New tools in turbulence modelling[END_REF] and reacting flows [START_REF] Pitsch | [END_REF][START_REF] Poinsot | Theoretical and numerical combustion[END_REF][START_REF] Janicka | Proceedings of the Combustion Institute[END_REF] and recent results obtained on burners of gas turbine configurations have revolutionized the field of CFD combustion [START_REF] Freitag | Proceedings of the Combustion Institute[END_REF][START_REF] Selle | [END_REF][28][29][30].

The application of LES to unsteady combustion in rocket engines is more recent [START_REF] Oefelein | 41st Aerospace Sciences Meeting and Exhibit[END_REF][START_REF] Oefelein | Proceedings of the Combustion Institute[END_REF][START_REF] Masquelet | Simulations of a Sub-scale Liquid Rocket Engine: Transient Heat Transfer in a Real Gas Environment[END_REF] and more complex due to the particular thermodynamics and flow-dynamics conditions.

The first objective of this paper is to present a LES methodology applied to the problem of ignition in rocket engines. The compressible nature of the flow (with sonic inlets and shocks), the fast H 2 -O 2 chemistry and high pressure effects require specific developments that are presented here. The second aim of this study is to validate numerical results against the experiment of DLR [START_REF] Schmidt | Preliminary results of test case "A" laser ignition tests for coaxial GH2/GO2-Injection[END_REF], to establish an ignition scenario and to identify the important physical phenomena on the basis of a complementary analysis of numerical and experimental data.

The paper is organised as follows : section 2 describes the phenomenology and physics of ignition in rocket engines and section 3 presents the ignition experiment. Section 4 develops the LES methodology and the numerical approach required to apply LES to compressible reacting flows. The computational configuration is described in section 5 and results are analysed in section 6.

Ignition of liquid rocket engines

Ignition of liquid rocket engines is characterized by high-speed injection jets and very fast chemistry, making the ignition time a key-parameter for the success or failure of ignition : if it is too short, reactants are not sufficiently mixed to react strongly enough compared to the short convective time and to sustain combustion. If it is too long, the mixed reactants ignite too strongly and generate high and dangerous pressure levels [START_REF] Barrère | Rocket Propulsion[END_REF][START_REF] Huzel | Progress in Astronautics and Aeronautics[END_REF][START_REF] Yang | Liquid Rocket Thrust Chambers: Aspects of Modeling, Analysis, and Design[END_REF].

Figure 1 shows a simplified sketch of an injection plate of a cryogenic rocket engine supporting hundreds of coaxial injectors feeding a chamber connected to the exit nozzle. The ignition of such an engine follows a specific sequence controlled by the timing of the valves opening. A usual ignition sequence may be described in four phases : first the system is purged with an inert gas (Helium) to reach a nominal state and to cool down injection lines. Then the fuel injection (usually hydrogen) starts and after a few milliseconds the igniter is triggered. In real engines, the igniter is either a pyrotechnic system or a spark torch usually located at the center of the injection plate (producing a strongly under-expanded jet in the chamber) that blows a stream of hot gases. Finally the oxidizer (oxygen) valve is open, and the oxygen injected into a hot flow containing fuel allows combustion to start [START_REF] Barrère | Rocket Propulsion[END_REF][START_REF] Huzel | Progress in Astronautics and Aeronautics[END_REF][START_REF] Yang | Liquid Rocket Thrust Chambers: Aspects of Modeling, Analysis, and Design[END_REF]. In the present experiment, the ignition sequence is slightly different as described in the next section to allow a better control and a more precise analysis of the ignition events.

The Mburner experiment

The M3 burner experiment operated at DLR [START_REF] Schmidt | Preliminary results of test case "A" laser ignition tests for coaxial GH2/GO2-Injection[END_REF] has been designed to investigate primary ignition processes and combustion in a rocket-like configuration using optical diagnostics [START_REF] Schmidt | AIAA Aerospace Sciences Meeting and Exhibit[END_REF][START_REF] Gurliat | [END_REF][START_REF] Rosa | AIAA Joint Propulsion Conference & Exhibit[END_REF]. Propellants may be either cooled by liquid nitrogen for cryogenic tests or injected under ambient conditions. A parameter study was performed to evaluate the impact of injection conditions on ignition at ambient pressure and temperature. In the experiment, ignition is triggered with a Nd:YAG (λ = 532 nm) laser. All injection regimes presented in [START_REF] Schmidt | Preliminary results of test case "A" laser ignition tests for coaxial GH2/GO2-Injection[END_REF] correspond to delayed ignition, with a long intake phase that fills the chamber with a H 2 -O 2 gaseous mixture before laser ignition. In real rocket engines, an accidental delay in ignition may lead to a similar situation. Indeed, an ignition delay leads to the evaporation of an important amount of liquid oxygen and thus to the creation of a significant volume of gaseous flammable mixture into the chamber as in the present experiment. After ignition the flame spreads over the whole chamber leading to a sharp pressure peak. Once the mixture is burned, a diffusion flame anchors at the injector lips [START_REF] Schmidt | Preliminary results of test case "A" laser ignition tests for coaxial GH2/GO2-Injection[END_REF].

The test rig is fueled with gaseous hydrogen and oxygen by a coaxial injector and connected to the atmosphere by an exhaust nozzle (Fig. 2). The chamber is a 14 cm long box with a square section (6x6 cm 2 ) designed to sustain pressures up to 20 bars. Complete optical access to the chamber volume is obtained via two opposed quartz windows. Smaller windows are placed on the two other sides to introduce the igniting laser beam. Burned gases exhaust through a 4 mm diameter nozzle which chokes during the ignition sequence.

The coaxial injector is a 1.22 mm diameter O 2 injection tube surrounded by a H 2 injection annulus with an inner diameter of 2 mm and an outer diameter of 4 mm (Fig. 2).

To study of the ignition phase (that only lasts about 5 ms), experimental diagnostics have to be accurately synchronized with the ignition time. With a standard pyrotechnic igniter, the position and the chemical run-away time vary drastically from one test to another. Previous tests, using a pilot flame to initiate combustion in the M3 burner, have shown that this method was not suitable for the present study [START_REF] Mayer | [END_REF]. Laser was chosen to initiate combustion and was found to give repeatable ignition times [14,[START_REF] Gurliat | [END_REF][START_REF] Schmidt | Preliminary results of test case "A" laser ignition tests for coaxial GH2/GO2-Injection[END_REF]. A second advantage of laser ignition is to allow an accurate location of the energy deposition without disturbing the flow contrary to electrical spark systems. In the experiment the laser ignites the mixture by an energy deposition of 195 mJ over 10 ns per pulse [START_REF] Schmidt | Preliminary results of test case "A" laser ignition tests for coaxial GH2/GO2-Injection[END_REF]. The beam is focused in the mixing layer between the reactant jets, at 36 mm downstream of the injection plate and at 2.5 mm above the injector axis (Fig. 2b). Schlieren images show that a hot plasma develops within an ellipsoid of 3.5 mm diameter and 2 mm length in the axial direction.

No change of the global flame behavior was reported for energy depositions varying between 80 and 195 mJ [START_REF] Schmidt | Preliminary results of test case "A" laser ignition tests for coaxial GH2/GO2-Injection[END_REF].

The spontaneous OH-emission of the flame is captured by an intensified CCDcamera (Photron Fastcam Ultima I 2 ) with an interference filter that only transmits radiations emitted by OH radical (300-310 nm). The 256x64 pixel pictures are recorded at a rate of 18kHz. The flow topology and the flame development are visualized via Schlieren photographs, recorded with a Hasselblad film camera at a frame rate of 4kHz and an aperture time of 13 µs [START_REF] Schmidt | Preliminary results of test case "A" laser ignition tests for coaxial GH2/GO2-Injection[END_REF].

Schlieren images show density gradient fields (detecting the variation of refractive index into the gas) i. e. location of species segregation and transition from fresh to hot-burned gases. In addition to the optical set-up, pressure and temperature sensors are placed in the hydrogen and oxygen injection domes (Fig. 2b) while static pressure is also measured in the chamber. The chamber pressure sensor is located 44 mm downstream of the injection plate in the middle of the top wall. Temperatures and pressures are recorded at a rate of 4.35 kHz [START_REF] Schmidt | Preliminary results of test case "A" laser ignition tests for coaxial GH2/GO2-Injection[END_REF].

The experiment is operated at room temperature (≈ 300 K) and pressure (≈ 1.013 bar). Mass fluxes of hydrogen and oxygen are estimated thanks to choked nozzles located upstream of the domes in the injection lines (Table 1).

In order to define a reference condition, the chamber and the injection lines are purged with N2 before each test (Table 2). Once nitrogen injection is stopped the injection of propellants starts. Hydrogen and oxygen are injected at a mixture ratio of ṁO 2 / ṁH 2 = 2 corresponding to an equivalence ratio of 4. During this injection phase, H 2 is first injected alone for 7 ms, before the O 2 valve is opened. The injection phase then lasts 370 ms before the laser is triggered.

LES methodology

The computation of the laser ignition sequence of the M3 burner requires particular numerical developments to correctly reproduce the different phases of the transient process : a compressible LES solver (section 4.1), a method to handle shocks (section 4.2), a model for laser ignition (section 4.3) and a H 2 -O 2 chemical scheme (section 4.4).

Explicit compressible LES solver

A fully unstructured solver is used to advance the compressible Navier Stokes equations for a multi-species gas using perfect gas laws [START_REF] Moureau | [END_REF]. For these ignition conditions, pressure is low and there is no need to include real gas effects [START_REF] Oefelein | 41st Aerospace Sciences Meeting and Exhibit[END_REF].

Realistic thermochemistry is used, allowing multi-step kinetics for the oxidation of hydrogen [38]. The Lax-Wendroff scheme [39] (centered differencing) with a second-order accuracy in space and time and explicit time-advancement are used to control numerical dissipation and capture acoustics. The time step is controlled by the CFL number based on the sum of the convective and sound speeds. Sub-grid scale turbulent viscosity ν t is calculated with the Smagorinsky model [40]. Turbulent diffusivities for energy and species are obtained from ν t using respectively D t th = ν t /P r t and D t k = ν t /Sc t , where P r t is the turbulent Prandtl number (equal to 0.6) and Sc t is the turbulent Schmidt number (equal to 0.6 for all species). Characteristic boundary conditions are set with the NSCBC method [41,[START_REF] Moureau | [END_REF].

A summary of the LES equations solved by the code is given below [START_REF] Poinsot | Theoretical and numerical combustion[END_REF] :

∂w ∂t + ∇ • F = S c ( 1 
)
where w is the vector of transported variables, F is the flux tensor composed of viscous, inviscid and subgrid scale components and S c is the chemical source term. w and S c are given respectively by : w = (ρu, ρv, ρw, ρE, ρ k ) T and S c = (0, 0, 0, ωT + Q, ωk ) T

where ρ is the density, u = (u, v, w) T the velocity vector, the total energy per unit mass is defined by E = 1 2 u • u + E i where E i is the internal energy and ρ k = ρY k where Y k is the mass fraction of species k. The models for the reaction rates ωk and the heat release ωT (Eq. 2) are described in section 4.4.

The Q term is the power deposited by the laser (section 4.3).

To handle flame/turbulence interaction, the dynamically thickened flame model (TFLES) is used [29,30,42,[START_REF] Sengissen | Proceedings of the Combustion Institute[END_REF]. This model thickens the flame front so that it is resolved on the LES grid (usually on 5 to 8 points). The turbulent sub-grid scale wrinkling of the flame is modeled through the so-called efficiency function (based on the local sub-grid scale turbulence velocity and length scale), E [START_REF] Colin | [END_REF] which allows to recover the turbulent flame speed. The TFLES model has been applied successfully to several configurations (premixed and partially premixed) and more details can be found in [START_REF] Selle | [END_REF]29,42,[START_REF] Colin | [END_REF]45].

Shock treatment

The conditions of injection in rocket engines lead to supersonic under-expanded jets with shocks in a succession of expansion/recompression cells [START_REF] Thompson | Compressible-fluid dynamics[END_REF]. In the M3 burner, just before ignition, the oxygen dome is at 12 bar whereas the chamber is at about 2 bar. This pressure difference results in a supersonic jet with a tiger-tail-like shape. Because the LES code uses centered differencing the positivity of the solution in near shock region is not maintained due to strong gradients. To capture shocks, the methodology of Cook and Cabot [START_REF] Cook | [END_REF] is used. It thickens the shock front by introducing a hyper-viscosity β (which can be seen as a bulk viscosity) in the viscous stress tensor τ :

τ modif ied = (β - 2 3 µ) ∇.u δ + 2µS (3)
where µ is the dynamic viscosity and S is the symmetric strain rate tensor.

The bulk β viscosity is modeled as :

β = C(∆x) 4 |∇ 2 S| ( 4 
)
where C is fixed to 5 according to [START_REF] Cook | [END_REF]. This hyper-viscosity acts on the very sharp velocity gradients characterizing shocks but goes to zero where the velocity evolves smoothly. Tests have shown that it has a minor effect on the LES quality away from shocks and flames. This hyper-viscosity term is equivalent to an additional pressure term (P Cook ) :

P Cook = -β ∂u k ∂x k (5) 
This approach was validated on simple one-dimensional shock-tube cases and on other more complex configurations. Figure 3 presents velocity profiles for a shock tube problem, given by the theory [START_REF] Hirsch | Numerical Computation of internal and external flows[END_REF] and by numerical simulation with and without bulk viscosity. The approach of Cook suppresses spurious values of the velocity in the shock region. This approach was also successfully tested by Fiorina and Lele [START_REF] Fiorina | [END_REF] on various 2D configurations such as oblique shock waves, a supersonic blunt body flow and a Mach reflection problem.

Laser model for ignition in LES

Multiple models have been proposed to describe ignition in premixed conditions [START_REF] Maly | Proceedings of the Combustion Institute[END_REF][START_REF] Pischinger | Proceedings of the Combustion Institute[END_REF][START_REF] Boudier | [END_REF][53]. For the present case, ignition takes place in a non-premixed flow and a model (called ED for Energy Deposition in the rest of the text) was used to describe the ignition phase. The main idea of the ED model is to represent ignition by a source term directly added to the energy equation. This method was already used in several numerical works (Direct Numerical Simulations)

to study the early times of flame generation in quiescent homogeneous mixtures [54,55] and in turbulent inhomogeneous flows [56]. It is applied here in the LES context.

In the present computation, the model represents the effect of the spark after the time when the kernel temperature has decreased below the ionization temperature (Fig. 4) and gas ionization is not taken into account. In the ED model, the energy injected in the calculation is the energy transferred from the plasma to the gaseous mixture. For laser ignition this energy accounts for about 10% of the laser energy [57,[START_REF] Phuoc | Proceedings of the Combustion Institute[END_REF] (most of the initial energy is lost in the induced shock wave).

The laser energy is represented by a power Q added to the energy equation (Eq. 2). The Q term is a gaussian distribution in time and space deposited at the beam focus location :

Q(x, y, z, t) = ε i 4π 2 σ 3 r σ t e -1 2 ( r σr ) 2 e -1 2 ( t-to σ t ) 2 (6) 
where r is the distance to the laser focus center, t o is the time when Q is maximum, ε i is the total amount of deposited energy and σ r and σ t are the spatial and temporal widths of the deposition.

The ED model has been validated in a laminar premixed case (Erard et al. [START_REF] Erard | [END_REF]), where a propane-air mixture at φ=1 and 1 bar is ignited with an electrical spark. Results from the three-dimensional simulation agree with ex-perimental measurements as presented on Fig. 5, showing that the assumptions of the ED model are reasonable.

For the present study, the energy deposition is focused at the same location as in the experiment. Additional numerical resolution near the laser point is required to compute the initial kernel formation. In the LES the grid size at laser focus point is 0.1 mm which is approximately the thickness of the flame in the conditions (mixture and thermodynamics) of this region. The total amount of energy transferred to the mixture is set to 40 mJ (i.e. 20% of the laser energy) in a 3mm-radius sphere during 0.5 µs.

Chemical kinetics

A seven-step chemical scheme (called H2O2-GL7-1 in the rest of the paper) using six species (H 2 , O 2 , H 2 O, OH, O, H) extracted from the work of Baurle et al. [38] is used (Tab. 3). It has been modified to accurately reproduce the laminar flame speed and adiabatic temperature over a large range of equivalence ratio and to take into account pressure effects. Indeed, the chamber pressure initially equal to 1.85 bar reaches 11 bar during the ignition sequence and the effect on chemistry is significant. Figure 6 shows the comparison between detailed chemistry [60] and the seven-step scheme for the prediction of the flame speed at different equivalence ratios and at 1 bar. The laminar flame velocity is predicted with a maximum error of about 10% around an equivalence ratio of 1.5 and is correct for both lean and rich conditions. Pressure effects are more difficult to assess quantitatively as there are no measurements and detailed chemistry calculations do not agree, as shown in fig. 7 where three detailed chemical schemes from O'Conaire et al. [60], Kee et al. [START_REF] Kee | A fortran computer code package for the evaluation of gas phase viscosities, conductivities, and diffusion coefficients[END_REF] and Smooke et al. [START_REF] Smooke | Fully adaptive solutions of one-dimensional mixed initial-boundary value problem with applications to unstable problems in combustion[END_REF] are compared with the reduced H2O2-GL7-1 scheme. The velocity obtained with the reduced scheme is in the range of the three complex schemes.

For the present simulation, ignition delay is also a key parameter : the laser beam induces a local temperature rise that triggers the chemical run-away by auto-ignition. An example of the performance of the 7-step scheme is given on Fig. 8 where it is compared to the detailed scheme of O'Conaire et al. [60].

Results for both schemes are of the order of the micro-second at temperatures around 2000 K. The differences observed on Fig. 8 as shown on Fig. 9 on a one-dimensional case. This reaction creates the first OH radicals that will trigger the chain-branching reactions. Figure 9 presents an induction time after the reaction peak of the initiation reaction. During this time, all reactions start and their respective reaction rates increase exponentially until around t = 8 µs which is the run-away time. At this time the flame kernel is created and starts to propagate as a spherical flame.

Boundary conditions

Boundary conditions are treated with an approach based on the method of characteristics [START_REF] Moureau | [END_REF]41]. The hydrogen inlet remains subsonic during the whole experiment : its mass flow rate and static temperature (Tab. 1) are imposed at the H 2 dome inlet (Fig. 10b). The exit boundary (which is located outside the chamber, Fig. 10b) is relaxed to the ambient pressure. The walls in the injection lines and in the exhaust nozzle are adiabatic slip walls, while the chamber walls integrate heat losses (for brevity this aspect has not been developed in this paper, more details are available in [START_REF] Panara | Proceedings of the 5th International Symposium on Turbulence[END_REF]).

In this configuration the oxygen inlet velocity is first sonic and then subsonic when the chamber pressure increases. The moment when the flow becomes subsonic is obtained by the calculation of the Mach number M at the injection section. M is calculated with isentropic nozzle relations applied between the injection dome (total pressure : P i ) and the chamber (total pressure : P c ).

In sonic conditions, the momentum is defined by [START_REF] Shapiro | The Dynamics and Thermodynamics of Compressible Fluid Flow[END_REF] :

ρu inj = P i (r.T i ) 1/2 γ 1/2 2 γ + 1 γ+1 2(γ-1) (7) 
where T i is the total temperature in the dome, γ = C p /C v is the ratio of the heat capacities and r = R/W mel where R is the universal gas constant and W mel the molar mass of the injected mixture. The static temperature and pressure at injection are deduced from isentropic relations :

T inj = 2 γ + 1 T i and P inj = 2 γ + 1 γ γ-1 P i (8) 
In subsonic conditions, only the mass flux and temperature are imposed. They are calculated from the isentropic relations now involving the chamber pressure P c :

ρu inj = P i (rT i ) 1/2 P c P i 1 γ   2γ γ -1   1 - P c P i γ-1 γ     1/2 (9) 
T inj = 1 + γ -1 2 M 2 -1 T i (10) 
If M = u inj /(γrT inj ) 1/2 ≥ 1, where u inj is the predicted (calculated) inlet velocity, Eqs 7 and 8 are used, otherwise, Eqs 9 and 10 are used to determine inlet conditions. The mass flux is ṁ = AC d ρu inj , where A is the throat section of the injector (Fig. 10b) and the discharge coefficient C d is kept constant for the whole calculation and is estimated to 0.346. 

Numerical configuration

The numerical configuration reproduces the 3D combustion chamber with the H 2 dome, the O 2 inlet tube, the exit throat and the atmosphere (Fig. 10). The H 2 dome is included in the computational domain to capture the back-flow into the hydrogen injection line observed in the experiment [START_REF] Schmidt | Preliminary results of test case "A" laser ignition tests for coaxial GH2/GO2-Injection[END_REF]. This backflow is due to the fact that the chamber pressure becomes higher than the H 2 -dome pressure during a portion of the ignition sequence. To minimize the impact of the exit boundary condition, the atmosphere around the chamber outlet is also calculated. The mesh is refined around the jets at inlet and downwards where they mix, develop and are ignited by the laser beam. It is fully unstructured and uses tetrahedral cells (Fig. 10c). It contains 645,000 nodes and 3,500,000 cells, with the smallest and biggest cell characteristic size being of the order of 0.2 mm and 2 mm respectively.

Initial conditions

The computation of the ignition sequence is performed in two steps. In the filling phase the chamber initially full of nitrogen at 300 K and at a pressure of 1.013 bar, is purged with gaseous O 2 and H 2 . Then in the second phase the ignition and the propagation of the flame are computed. Most of the filling phase (from 0 to 368 ms) is computed on a coarse mesh (390,000 nodes) and only the last instants (from 368 to 370 ms) are computed on the fine mesh (Fig. 10c), to increase the jet topology accuracy before the energy deposition.

6 Results and discussions

Cold flow and mixing

The flow field is first studied after 370 ms of the filling phase, i. e. just before laser ignition. At this instant, the chamber pressure and temperature are respectively equal to 1.75 bar (1.87 bar in the experiment) and 350 K. The instantaneous axial velocity field obtained by LES shows the turbulent jet and the large recirculation zones (visualized with the 0-velocity isoline on Fig. 12).

The oxygen jet is underexpanded and is injected at 350 m/s and reaches a maximum velocity of 650 m/s (Mach 1.9) while the maximum velocity in the hydrogen jet is 470 m/s. Figure 13a The time evolution of the mass fraction of nitrogen during the filling phase is presented on Fig. 15 showing that some nitrogen remains in the chamber at the ignition time with a maximum value of 0.17 and a mean value of 0.14. Most of the nitrogen is trapped in the recirculation zones in the corners of the chamber.

This amount of residual nitrogen will have an impact on the pressure peak value after ignition. Indeed two 0D equilibrium calculations at constant volume have been carried out with a H 2 -O 2 mixture (at the overall equivalence ratio of the 3D simulation which is 4) and with and without the N 2 dilution of 14% in mass. The calculation without nitrogen gives final temperature and pressure of respectively 2735 K and 15.0 bar while with N 2 dilution, 2486 K and 13.8 bar were obtained, which represents a 10% difference on the final temperature and 9% on the pressure. The reactants are well mixed in most of the chamber as shown on Fig. 16 where the field of the equivalence ratio is displayed as well as the line φ =3. Mixture gradients are only present in the jet region whereas in the recirculation zone, the equivalence ratio is close to φ =4 which is the overall injection equivalence ratio.

Ignition and combustion

The main experimental result is the pressure time evolution after ignition shown on Fig. 17 resulting in a shift between the two curves in the decreasing phase. This shows that the mixture obtained in the chamber after the intake phase is close to the experimental conditions and that the consumption rate is correctly predicted.

Flame propagation can be estimated experimentally from Schlieren photographs.

LES results can also be used to reconstruct pseudo-Schlieren pictures from the calculation of density gradients integrated across the chamber. Experimental and numerical Schlieren images at three different times after ignition (Fig. 18)

show the positions of the flame front (in the present case, as the chamber is initially full of partially mixed reactants, the Schlieren pictures that locate the limit between hot and cold gases also indicate the position of the flame surface). The topology of the flame at the three times (35 µs, 250 µs and 680 µs) is well captured by LES.

The spontaneous emission of the OH radical visualized experimentally can be compared to the reaction rate calculated in the LES [START_REF] Baum | Etude de l'allumage et de la structure des flammes turbulentes[END_REF]. For this comparison, the reaction rate of the reaction: H 2 O + O ↔ 2OH was integrated along lines perpendicular to the quartz walls of the chamber and projected on a plane (Fig. 19).

Some OH-emission is experimentally observed only in the central part of the combustion chamber whereas in the computation, the flame spreads over the whole domain. Two zones can be evidenced in the simulation : the first one is characterized by a low chemical activity in the recirculation zone and the other by high levels of reaction rate in the axial region of the chamber. This later zone fits well with the experimental images (Fig. 19).

The fact that no OH-emission is recorded by the CCD camera in the recirculation zone during the first 800 µs may be explained by the presence of a very rich mixture in this region (the overall equivalence ratio is about four).

Figure 20 presents the maximum values of the reaction rate of the reaction These positions have been reported and compared to LES results on Fig. 22, together with the positions extracted from the three Schlieren images. The movement of the downstream point given by the computation is close to the tracking from Schlieren images but does not match the one based on OHemission pictures. The poor sensitivity of the CCD camera to the low intensity emission of the flame in rich condition (in the downstream area of the chamber) may be the explanation. For the location of the upstream position a general good agreement is observed. Some differences are observed from 0.2 to 0.4 ms (Fig. 22b), where flame positions extracted from LES and Schlieren pictures are close but do not match OH-imaging tracking. The explanation is that the most upstream flame point propagates at 7 mm off-centre from the jet axis (Fig. 22c) where the mixture is rich and thus is not captured by the CCD camera. On Fig. 22b, the temporal evolution of the upstream position of the flame on the jet axis (x axis ) obtained from the LES is close to the position x u recorded from the OH-images.

H 2 O + O ↔ 2OH

A scenario for ignition

The previous results suggest that ignition is controlled by several phenomena.

High levels of turbulence generated in the central jet shear layer enhance mixing wrinkling of the flame front. However, the high-speed jets issuing from the coaxial injector tend to blow out the flame. These phenomena are competing during the different phases of the ignition transient. From OH-imaging, Schmidt et al [START_REF] Schmidt | Preliminary results of test case "A" laser ignition tests for coaxial GH2/GO2-Injection[END_REF] proposed a flame propagation scenario following four steps :

(i) the primary ignition phase, (ii) the upstream propagation of the flame, (iii) the anchoring and the (iv) stabilization phases. This ignition scenario has also been observed by Ahmed and Mastoralos [START_REF] Ahmed | [END_REF][START_REF] Mastorakos | [END_REF] in the case of the ignition of a turbulent methane jet by a spark plug and a similar process can be identified in more complex configurations such as gas turbines [START_REF] Lefebvre | Gas Turbines Combustion[END_REF]. In the present case, this scenario may be refined with the LES results.

(i) The primary ignition phase (from t = 0 to t = 100 µs)

This phase is characterized by the formation of the flame kernel after the laser shot and ends when the kernel reaches recirculation zones. In the computation this step lasts about 100 µs (Fig. 23 a andb). After the energy deposition, the hot gas kernel is first slowly convected downstream by the jet without stretching. Then at t ≈ 20 µs chemical reactions start and as the kernel grows its surface is increasingly wrinkled. The flame zone near the jet axis is transported downstream by the flow whereas the flame zone in the surrounding mixing layer remains quite motionless. During this phase, the success of ignition depends on the competition between heat release, heat transfer, convective and stretching effects [START_REF] Lefebvre | Gas Turbines Combustion[END_REF][START_REF] Gurliat | [END_REF]. At the end of this phase (Fig. 23 b), the flame kernel is no longer a sphere, its upstream central part is wrinkled by the jet turbulence and both side fronts reach the recirculation zone.

(ii) Flame propagation phase (from t = 100 µs to t = 600µs)

The kernel phase is followed by a rapid expansion of the flame in the recirculation zone, consuming the partially premixed mixture that fills the chamber Because the flame propagating in the recirculation zone is not detected with the OH-emission diagnostics, Schmidt et al. concluded that until 400 µs the flame keeps a constant size and is convected downstream [START_REF] Schmidt | Preliminary results of test case "A" laser ignition tests for coaxial GH2/GO2-Injection[END_REF]. This is true near the axis but as shown in the previous section, the actual upstream point moves upstream in the recirculation zone (Fig. 22).

At t≈300 µs after ignition, the pressure chamber becomes higher than the H 2injection dome pressure resulting in an inversion of the flow in the H 2 -injection tube. Figure 24 Figure 22 shows that the upstream and downstream flame points in both LES and experiment (Schlieren) reach the injection plate and the exit nozzle at approximatively the same time (t≈ 0.6 ms).

(iii) Anchoring phase (from t = 0.6 ms to t = 1.14 ms) At t ≈0.6 ms, a small diffusion flame settles at the oxygen injection tube and the premixed flame propagating in the recirculation zone consumes the last pockets of unburned mixture trapped at walls (Fig. 23g andh). Until t = 1.14 ms, H 2 injection is stopped and the flame is stabilized between the oxygen flowing from the injector and the hydrogen remaining in the rich burned gases. Note that the injection of oxygen never stops (Fig. 11 as the oxygen dome pressure keeps a constant value of 12 bar, which is above the chamber peak pressure of 11.2 bar). At t=1.1 ms after ignition, all the flammable mixture has burned and the chamber pressure reaches a maximum of 11.2 bar (Fig. 17). The end of this phase is characterized by the fact that hydrogen starts to flow again into the chamber (t = 1.14 ms) and that a "normal" diffusion flame can now stabilize in the last phase.

(iv) Stabilization phase (after t = 1.14 ms)

During the fourth and final phase, in both LES and experiment, the flame stabilizes in a pencil-like shape in the shear layer between the hydrogen and oxygen jets (Fig. 23i). Its influence on the mean chamber pressure is insignificant and it lengthens as the pressure in the vessel decreases.

Further analysis

Combustion regimes

To determine the flame regime (premixed or/and diffusion) the Takeno index [START_REF] Yamashita | Proceedings of the Combustion Institute[END_REF] : Υ = ∇Y O2 .∇Y H2 and the indexed reaction rate : ω * H2 = ωH2

Υ |∇Y O2 .∇Y H2 |
are used ( ωH2 is the consumption rate of H 2 ). When ω * H2 = + ωH2 the gradients of the reactants have the same sign and the flame is premixed ; otherwise ( ω * H2 = -ωH2 ) the flame is a diffusion flame. Figure 25 presents four computed snapshots of ω * H2 at four different times of the "kernel-propagation", "anchoring" and "stabilization" phases. The propagation of the flame in the recirculation zone is purely premixed (Fig. 25a), but near the jet axis, when approaching the injection tube, a triple flame appears with two lean and rich branches and a diffusion flame in between along the stoichiometric line (Fig. 25b). The anchoring phase (Fig. 25c) is characterized by a diffusion flame at the injector while pockets of flammable mixture trapped at walls are consumed in premixed mode. At the end of the computation, the flame stabilizes in a pure diffusion regime at the injector lips, between the hydrogen and oxygen jets (Fig. 25d). This ignition process is substantially different from a classical turbulent jet ignition observed for example in the experiment of Ahmed and Mastorakos [START_REF] Ahmed | [END_REF][START_REF] Mastorakos | [END_REF] where the flame only propagates in the jet mixing layer, first as a partially premixed flame and then as a triple flame.

Propagation processes

To identify the processes controlling the flame expansion during the "kernel"

and "propagation" phases, two speeds can be defined 1 :

• the absolute flame speed V f , corresponding to the front speed relative to a fixed reference frame. V f is estimated from an equivalent spherical flame with a volume equal to the burned gas volume :

V f = dr dt (11) 
1 Another speed, the displacement speed S d , is sometimes used for perfectly spherical flames : S d = ρ b g/ρ u g.dr/dt [START_REF] Dowdy | [END_REF][START_REF] Poinsot | Theoretical and numerical combustion[END_REF] (ρ b g and ρ u g are respectively the density of the burned and unburned gases). This expression is not adapted to diffusion flames and is not used for the present study.

where r is the radius of the equivalent spherical flame, r = 3 4π V bg 1/3 and V bg is the volume of the burned gas directly measured during the computation.

• the consumption speed < S c > that characterizes the speed at which the reactants are consumed. < S c > is calculated from the consumption rate of the oxygen :

< S c >= - ωO 2 dv ρ ug Y O 2 Σ sphere (12) 
where ωO 2 is the consumption rate of O 2 , ρ ug the density of the unburned gas, Y O 2 the mass fraction of O 2 assumed constant in the cold mixture (Y O 2 ≈ 0.666) and Σ sphere the surface of the equivalent sphere of burned gases. to the ratio between the real wrinkled flame surface (Σ real ) and the area of the equivalent spherical flame (Σ sphere ) :

< S c > S 0 l = Σ real Σ sphere = Σ real Σ res Σ res Σ sphere (13) 
In Eq. 13 the first term Σ real Σres represents the sub-grid scale wrinkling of the flame, modeled by the combustion model (TFLES) by the efficiency function [START_REF] Colin | [END_REF] and the second term Σres Σ sphere is the resolved wrinkling of the flame.

The temporal evolution of these two quantities are presented on Fig. 27c where the global wrinkling Σ real Σ sphere is mainly due to the sub-grid scale wrinkling : the resolved flame is moderately corrugated with a resolved wrinkling of the order of 1.35. The product of the resolved and the sub-grid scale wrinkling is about 3, which corresponds well to the ratio < S c > /S 0 l .

V f is nearly one order of magnitude higher than < S c > with an average value of 65 m/s. The slight decrease of V f may be caused by confinement effects.

The ratio of the absolute flame speed V f to the consumption speed < S c > is approximatively equal to 5. The theory on premixed spherical flame propagation [START_REF] Poinsot | Theoretical and numerical combustion[END_REF] gives V f / < S c >= ρ ug /ρ bg (with ρ bg and ρ ug the density of burned and unburned gases). In the present case, ρ ug /ρ bg ≈ 5.3 which indicates that the flame propagation mechanism during the "kernel" and the "propagation" phases correspond to a turbulent spherical flame process with a significant effect of hot gas expansion. The present delayed ignition results in a chamber full of flammable mixture at ignition time. In the first time after ignition, it has been shown that the flame propagates as a turbulent spherical flame. This well known process studied in premixed ignition [START_REF] Williams | Combustion theory[END_REF][START_REF] Glassman | Combustion[END_REF][START_REF] Champion | [END_REF] and in IC engines [START_REF] Heywood | Internal combustion engine fundamentals[END_REF] is more hazardous for ignition in rocket engines because it leads to fast flame propagation and to a strong pressure peak in the chamber. The present approach is now extended to twophase flow (Euler-Euler) simulations to take into account effects of the liquid phase on the ignition. x d OH Exp.
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Figure 11

 11 Figure 11 presents the temporal evolution of the oxygen injection mass flux during the calculation and compared to the experiment showing that the injection history is well represented by the present approach. Variations of the injection flux observed in the subsonic regime are due to the presence of a longitudinal pressure fluctuation.

  ) shows a field of the Z-component of the vorticity in the jet region and the instantaneous velocities along the axis of the O 2 and H 2 jets are presented on Fig.13b). The hydrogen jet decays rapidly after about 5 mm and its production of vorticity stops after 15 mm, however, as the oxygen jet expands, it keeps a coherent structure until 25 mm downstream of the injection plate. After 25 mm both jets interact, enhancing mixing and turbulence production : at the laser focus point, axial velocity fluctuations represent about 20% of the mean axial velocity. The sonic O 2 jet leads to the formation of expansion/compression cells that are progressively damped by the flow. Figure14is a comparison at ignition time of a Schlieren image and the numerical pressure field showing a good qualitative agreement in the jet pattern. In particular the size of the cells is reproduced.

  . LES (also plotted onFig 17), shows a good agreement with measurements. The value of the pressure peak in the LES (11.2 bar) is close to the experiment record (11.1 bar), but appears slightly earlier (about 0.25 ms)

  in a laminar flame against the equivalence ratio : at φ = 4, the maximum value of the reaction rate is three orders of magnitude lower than around stoichiometry. This could explain why a OH * -signal is detected around the axis of the jet where the equivalence ratio is close to one whereas in the rich-recirculation zone the spontaneous OH-chemiluminescence of the flame is not intense enough to be detected by the CCD-camera. This assumption was already made by Schmidt et al[START_REF] Schmidt | Preliminary results of test case "A" laser ignition tests for coaxial GH2/GO2-Injection[END_REF], from the comparison between Schlieren and OH-emission pictures. As seen on Fig.21, OH-visualizations and Schlieren photographs do not agree on the flame position and topology. According to OH images the flame kernel keeps a constant diameter during the first 200 µs which is in contradiction with the observation of the Schlieren pictures on Fig. 21a and b. And at 680 µs, the Schlieren image shows a flame front at chamber walls whereas the OH-signal record shows an intense reactive zone on the axis of the jet. From OH-imaging, Schmidt et al. have tracked the most upstream and downstream flame points (respectively x u and x d ) during the ignition sequence [19].

(Fig. 23 b

 23 to f). The flame development mainly depends on the flow condition : around the jet, hydrogen and oxygen are well mixed and the low velocities leads to the fast flame propagation whereas, the flame zone on the jet axis is convected downstream.

  displays the time evolutions of the dome and chamber pressures and the velocity in the H 2 -injection pipe. Initially the hydrogen flows in the chamber at 400 m/s but after ignition the velocity drops and becomes negative at 470 µs after the laser shot. It becomes positive again at 1.14 ms just after the chamber pressure peak has been reached. The inversion of the H 2injection velocity has a direct effect on flame propagation, as shown on Fig.23e and f. On the jet axis, the flame front shape and structure are modified : its curvature initially due to high velocity convection (Fig.23 e) changes as the flow in the H 2 tube inverses (Fig.23 f) and the most upstream flame zone accelerates towards the injection plate. At t ≈ 580µs, this region of the flame encounters stoichiometric condition in the vicinity of the injection exit and the flame initially burning the mixture in partially premixed regime becomes a triple flame (this aspect will be clearly evidenced in the last section). During this phase, a change in the flame propagation direction is also observed in the experiment and an increase of the intensity of the OH-emission[START_REF] Schmidt | Preliminary results of test case "A" laser ignition tests for coaxial GH2/GO2-Injection[END_REF] reveals that the flame reaches the stoichiometric (Fig.23d, e and f).

Figure 26 compares

 26 Figure 26 compares the two quantities V f and < S c >. The resolved flame area shown on Fig. 27 decreases after 0.5 ms, corresponding to the time when the flame interacts with the walls and is no longer a closed surface. Therefore, the flame speed curves of Fig. 26 are relevant only for t < 0.5ms. The consumption speed < S c > is rather constant and close to 14 m/s which is about 3 times the laminar flame speed S 0 l (at φ = 4 and P = 2bar, S 0 l = 4.71m/s), corresponding

7

 7 ConclusionsA compressible LES methodology to compute flame ignition and propagation in a rocket engine fueled by gaseous oxygen and hydrogen has been established and tested in the M3 configuration of DLR[START_REF] Schmidt | Preliminary results of test case "A" laser ignition tests for coaxial GH2/GO2-Injection[END_REF]. Results from LES are in good agreement with experimental observations, showing that the simulation captures the right mechanisms for flame ignition, propagation and stabilisation.A six-species, seven-step chemical scheme is used for H 2 /O 2 combustion and LES results show that the CCD camera employed to record the spontaneous OH-emission locates properly the flame in the jet region where the equiva-lence ratio is close to one but has some difficulties to detect the reactive front in the very rich mixture of the recirculation zone. This results in a different interpretation of experimental observations. The analysis of numerical results and the comparison with experimental data have allowed to establish an ignition scenario and to identify the most important physical phenomena of the process. LES results show that in the early times, the flame expands as a premixed turbulent spherical flame. Then due to an increase of the chamber pressure, the flow direction changes in the hydrogen line making the upstream flame front accelerate towards the injector. At this time, this front enters the shear layer and a diffusion flame attaches at the injector lips, while the premixed flames consume the flammable mixture trapped at walls. At the injector, oxygen does not burn with the injected hydrogen (due to back-flow) but with the hydrogen remaining in the burned gases resulting from the combustion of the initial rich mixture. Once all the fresh mixture has burned, the chamber pressure reaches a maximum of 11.2 bar, close to the experimental measurement (11.1 bar). Finally, hydrogen flows again in the chamber and a standard diffusion flame can stabilize at the injector in a pencil-like shape.
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 5054395657401 Fig. 1. Sketch of a real combustion chamber.

Fig. 2 .

 2 Fig. 2. The Micro-Combustor M3. a) Photograph. b) Geometry [19].

Fig. 3 .

 3 Fig. 3. Velocity profiles in a shock tube problem 5 ms after diaphragm breakdown:comparison between theory and results obtained with and without the approach of Cook[START_REF] Cook | [END_REF].

Fig. 4 .

 4 Fig. 4. Sketch of power distribution inside a spark kernel and part of the flow modeled with the ED model. The ED model reproduces the effect of the spark from the time when the temperature of the kernel has decreased below the ionization temperature.

Fig. 5 .

 5 Fig. 5. Temporal evolution of the radius of a laminar spherical flame ignited by an electrical spark in a propane-air mixture at φ=1 and 1 bar. Line : computation, symbols : experimental results from Erard et al. [59].

Fig. 6 .

 6 Fig. 6. Chemical comparison of the laminar flame speed given by the seven-step scheme (H2O2-GL7-1) used for the computation and a detailed chemistry from O'Conaire et al. [60] (T cold gas = 300K P=2.0 bar).
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Fig. 7 .

 7 Fig. 7. Laminar flame speed against pressure, comparison between the seven-step scheme (H2O2-GL7-1) and three detailed chemistries from O'Conaire et al. [60], Smooke et al. [62] and Kee et al. [61] (T cold gas = 300K, φ = 1.0).

Fig. 8 .

 8 Fig.8. Ignition delay, comparison between the seven-step scheme (H2O2-GL7-1) and the detailed chemistry from O'Conaire et al.[60] ( homogeneous ignition at constant volume for an equivalence ratio of 1.0 and an initial pressure of 1 bar ).

Fig. 9 .Fig. 10 .

 910 Fig. 9. Chemical path initiated after energy deposition in a 1D configuration (H 2 -O 2 mixture at φ = 4, P=2 bar and T=300 K and duration of the deposition: 500 ns). Test realized with the H2O2-GL7-1 scheme, each reaction rate rr is scaled by its maximum value.

Fig. 11 .Fig. 12 .

 1112 Fig. 11. Temporal evolution of the oxygen injection mass flux compared to the experiment.

Fig. 13 .

 13 Fig. 13. Jets interaction : (a) Vorticity field, (b) velocity along the O 2 and the H 2 jet axis.

Fig. 14 .

 14 Fig. 14. Comparison of the jet topology at the injector exit between the experiment (Schlieren picture) and the LES (instantaneous pressure field).

Fig. 19 .

 19 Fig. 19. Experimental OH-emission images compared to integrations across the chamber of the reaction rate of H 2 O + O ↔ OH + OH.
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Fig. 20 .Fig. 21 .

 2021 Fig. 20. Maximum of the reaction rate of the reaction H 2 O + O ↔ 2OH (reaction 5 in the H2O2-GL7-1 scheme) in laminar flames at different equivalence ratio given by the chemical scheme used in the present LES (To = 300 K and P = 1 bar).

Fig. 22 .

 22 Fig. 22. Position of the most upstream and most downstream flame points during the ignition transient. a) Sketch of the different flame position measurements. b)comparison of the most upstream and downstream flame positions (respectively x u and x d ) and the flame position on the axis of the jet (x axis ) between experiment[START_REF] Schmidt | Preliminary results of test case "A" laser ignition tests for coaxial GH2/GO2-Injection[END_REF] and LES. c) transversal position (y u ) of the most upstream flame point.

Fig. 23 .

 23 Fig. 23. Experimental OH-emission images and LES axial-velocity field (U x) in the centerplane (black iso-line : reaction rate of H 2 O + O ↔ OH + OH , grey iso-line : U x = 0 m/s). Note : for the last LES results (t LES = 2.7ms) the reaction rate is located by white iso-lines.

Fig. 24 .Fig. 25 .Fig. 26 .

 242526 Fig. 24. The back-flow in hydrogen injection line : pressure traces in the chamber and in the H 2 injection dome and axial velocity in the H 2 injection tube.
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Fig. 27 .

 27 Fig. 27. Flame surface and wrinkling. a) Sketch of the different flame surfaces. b) Resolved flame surface Σ res (based on the 1000K iso-surface). c) Comparison of the resolved wrinkling ( Σres Σ sphere ) and the sub-grid-scale wrinkling ( Σ real Σres ) averaged on the flame surface.

Table 3

 3 The seven-step H 2 -O 2 kinetic scheme.

	cold flow	O 2	1.135
	mass flux [g/s]	H 2	0.592
	Dome total	O 2	300
	temperature [K]	H 2	302
	Dome total	O 2	11.7
	Pressure [bar]	H 2	2.1
	Pressure of the chamber [bar] 1.87
	Table 1		
	Injection conditions for the M3 test case (at ignition time).
	N2 valve closure : t N 2 -1000ms
	H 2 valve opening : t H2	0 ms
	O 2 valve opening : t O2	7 ms
	laser ignition : t ignition 370 ms
	Table 2		
	Time sequence for the M3 test case.		
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