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Critical analysis of classical turbulent combustion experiments on the basis of RANS simulations

The purpose of the work is to analyze the consistency of experimental data concerning classical turbulent combustion tests and their applicability for CFD programs validation. Efforts are directed to development and verification of a computationally efficient method for numerical simulation of turbulent combustion in a high-speed flow, based on RANS equations and taking into account turbulence-combustion interaction (TCI). Computations are fulfilled with zFlare module from application package EWT-TsAGI [1] which is based on in-house code ZEUS (TsAGI) [2] and intended to describe the flows of ideal compressible gases mixtures with variable heat capacities and nonequilibrium chemical reactions. Several kinetics models for H2 and hydrocarbon fuel combustion in air together with two-parameter turbulence models based on the Boussinesq hypothesis are implemented into the program. The paper describes some results of zFlare verification, as well as detailed analyses of experimental data. Five classical turbulent combustion experiments are regarded: Evans et al. experiments [3-4], Burrows & Kurkov [5], A.D.Cutler [6-7], Cheng et al. [8] and Moreau et al. backward-facing step combustor [9]. In addition, several approaches for TCI based on methods of Partially Stirred Reactor model (PaSR, [10]) have been studied and compared.

INTRODUCTION

Measurements in combustion chambers with supersonic flow are very expensive and usually do not provide sufficient accuracy due to the interaction of a large number of different physical effects. Therefore, the main experiments for validation are supersonic reacting jets that flow into the open space. Their advantage is complemented by good accessibility for optical measurements and visual observation, as well as a reduction in the number of measurement points due to axial symmetry. The number of available experimental works with supersonic flows with chemical reactions that could be used for program validation is very small [START_REF] Chomiak | Flame liftoff in diesel sprays[END_REF][START_REF] Hell | [END_REF]. From simple configurations, the authors know three experiments with supersonic axisymmetric jets, in which different measuring technologies were used.

The first studies were carried out by J. Evans et al. and are presented in [3][4]. These data are widely used for the validation of CFD programs so far -e.g., [4,[13][14][15][16][17][18]. In these experiments, pressure measurements were made by the Pitot tube and sampling of gas followed by concentrations measurement. That is why it is this test that was selected by the authors to be first to verify the program in view of the seeming simplicity and a large amount of experimental data. Unfortunately, the use of contact methods exerts a local influence on the combustion processes by introducing disturbances into the flow, cooling the flow and catalytic effects on the surface of the probe.

Another experimental work on the study of the free flow of a supersonic jet of hydrogen into a co-flow of air with M > 1 was carried out by T. Cheng et al. and generalized in [START_REF] Tedder | [END_REF]. In these experiments visual methods were used to measure temperature and concentration: spontaneous Raman scattering (SRS) and laser induced fluorescence (LIF). This work is very widely used now for CFD programs validation -e.g., [START_REF] Hell | [END_REF][18][19][START_REF] Moule | Modelisation et Simulation de la Combustion dans LES Ecoulements Rapides. Applications aux Superstatoreacteurs[END_REF][START_REF] Baurle | [END_REF][22]. Both measurement technologies are based on the detection of incoherent light. The emission of light in all directions at once leads to a very weak signal, especially in combustion chambers with limited access for optical investigations. As a consequence, these measurement technologies have limited usefulness in case of outflows into confined space.

One more series of similar experiments was fulfilled by A.Cutler et al. [6][START_REF] Cutler | AIAA Paper[END_REF]. In these works, a combination of non-contact methods such as coherent anti-Stokes Raman spectroscopy (CARS) and Rayleigh scattering was used to study the supersonic jet of hydrogen flowing into the air stream. But, although the setup was intended to study supersonic combustion, the measurements have so far been limited to a non-reactive flow [23][START_REF] Bivolaru | AIAA Paper[END_REF].

There is also, of course, a number of experimental studies devoted to the study of flows in a combustion chamber of a high-speed ramjet [START_REF] Tedder | [END_REF][26][27][28], but flows of this type are too complex to be used for validation and are not considered at this stage of the work. From the experimental data of this type only M. Burrows and A. Kurkov experiment with hydrogen burning in a plane near-wall jet differs in classical simplicity. However, this experiment is of the same period as Evans, Shexnayder and Beach experiment (70s of the XX century), and it is characterized by the same problemsthe absence of non-contact measurements of concentrations, the uncertainty in the formulation of the boundary conditions and the strong influence of gas dynamics on the flame structure.

The present study is aimed to improve the known and to develop new physical models of turbulent combustion in high-speed combustion chambers within RANS approach and their implementation in computer programs. The emphasis is on the assessment of turbulence-combustion interaction (TCI) influence account. As demonstrated in the work, TCI account applied to high-speed simple configuration flows had very little influence on the flow compared to other effects and didn't help to improve results. Thus an experiment was chosen where TCI influence was earlier [29] proved to be significant and PaSR based approach permitted to improve results. So, a low-speed experiment was used for studying PaSR based methods.

PHYSICAL AND NUMERICAL METHODS

All the computations were carried out with the use of zFlare program which is based on in-house code ZEUS (TsAGI) [START_REF] Moretti | [END_REF]. This program is focused on the flows of a of ideal compressible gases mixture with variable heat capacities and nonequilibrium chemical reactions. Due to high complexity of equation systems, only explicit finite volume numerical schemes are now implemented in the code. For RANS computations, a second order TVD scheme with van Leer limiter was adopted. Steady RANS computations were conducted using relaxation method. To accelerate it, local time step was employed. Steady solutions were successfully obtained on all computational grids. Two twoparameter turbulence models based on the Boussinesq hypothesis were implemented, tested and compared: (k-) SST Menter [START_REF] Petrova | Turbulence-chemistry interaction models for numerical simulation of aeronautical propulsion systems[END_REF] and (q-) Coakley [START_REF] Menter | [END_REF]. The first one is a widely recognized model for aerodynamic problems while the second one was developed primarily for high speed near-wall flows.

Several combustion kinetics models for hydrogen in air: Moretti [32], ONERA [33], [34] and hydrocarbon fuel in air were introduced into the program. In addition, a method for accounting for turbulence-combustion interaction has been introduced and is being developed. In this paper, an approach based on methods such as Eddy Dissipation Concept Model (EDC, Magnussen [START_REF] Vincent-Randonnier | Proceedings of the Combustion Institute[END_REF][START_REF] Magnussen | On the structure of turbulence and a generalized eddy dissipation concept for chemical reaction in turbulent flow[END_REF]) and Partially Stirred Reactor model (PaSR, [10]) is chosen to describe TCI.

In these methods it is assumed that, at high Reynolds numbers, chemical reactions occur mainly in the fine structures associated with the smallest turbulent vortices. These structures are non-uniformly distributed in space, and their volume is a fraction of the total volume occupied by the gas. Thus, regions containing fine structures seem to be immersed in the surrounding flow. It is in thin structures the molecular mixing, molecular heat transfer and chemical reactions occur most intensively. In PaSR models, fine structures are considered to be a reactor in which the reaction proceeds continuously. Molecular diffusion brings to the thin structures a fresh mixture from the space surrounding the fine structures, and also removes reaction products from the fine structures. Also, due to molecular diffusion, there is a heat exchange between the fine structures and the surrounding space. The main parameters of the model are the volume fraction of fine structures * and the characteristic residence time of the gas in reactor * . The state of gas in thin structures is described by a system of differential equations for a homogeneous reactor.

The most famous among PaSR class models is considered to be Magnussen EDC ("Eddy Dissipation Concept") model [START_REF] Vincent-Randonnier | Proceedings of the Combustion Institute[END_REF][START_REF] Magnussen | On the structure of turbulence and a generalized eddy dissipation concept for chemical reaction in turbulent flow[END_REF]. In this model, the reaction rate in fine structures is considered to be much larger than in the surrounding space. The state in thin structures is quasistationary and is described by an algebraic system of equations for the stationary state of a homogeneous reactor [START_REF] Ertesvåg | [END_REF]. The main parameters of Magnussen model are expressed through turbulence parameters -turbulence kinetic energy k, turbulence energy dissipation rate ε:
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, where / is average kinematic molecular viscosity, V is the cell volume.

One can see that * is assumed to be equal to the characteristic lifetime of the smallest turbulent vortices One should note PaSR model shortcomings, associated with the lack of the fine structures state history account. Fine structures do not have sensitivity to what happens in them upstream of the point under consideration, and also do not consider the development in time. It is a very significant drawback, because under the same conditions of the averaged field, different states might be realized in the fine structures, with or without combustion, depending on the prehistory of the reactor, i.e. hysteresis effects are present. Moreover, there is no uniqueness in the choice of the initial state in the fine structures. In order to resolve these ambiguities, an extended version of PaSR model was proposed by V.A. Sabelnikov -"Extended PaSR (EPaSR)" [START_REF] Chomiak | Flame liftoff in diesel sprays[END_REF], in which it was proposed to abandon the quasistationary treatment of the fine structures and solve a partial differential equation system that takes into account the composition variation in time as well as convective and the diffusion transport of the fine structures in space. The model includes an additional set of differential equations for describing the state in the fine structures, which almost doubles the dimension of the final system of equations in comparison with the case without taking TCI into account. These equations are analogous to the equations for the average flow parameters with the addition of a term taking into account the contribution of the exchange between the fine structures and the surrounding space. This model was previously successfully applied [19,29] to the modeling of both high-speed and essentially subsonic flows with combustion.

A simplified version of EPaSR model was also proposed [START_REF] Sabelnikov | [END_REF]. In order to reduce costs it was proposed to abandon the description of convective and diffusion transport of the fine structures over space. Hence the fine structures are described by ordinary differential equations that take into account only local fine structures composition variation in time. It is a nonstationary version of PaSR model. The system of equations for reactor is no longer solved until the stationary state is reached. Instead only one cycle of Newton's iterations is done with the internal time step equal to the value of the physical step in time. But this model has the same disadvantage as the stationary variant of PaSR model, concerning isolation of the fine structures at an arbitrary point of flow.

Another new original TCI model of the same class -Generalized PaSR (GPaSR) -was proposed by V. A. Sabelnikov and was implemented and applied in practice in current work for the first time. The motivation for creating this model was the need for minimal modifications of the original PaSR model to approximate the spatial development of fine structures. The model does not require the solution of additional differential equations to describe the transfer of parameters of thin structures over space. However, convective transport along thin structures is taken into account approximately. GPaSR is a kind of compromise between the accuracy of the EPaSR model and the relative computational simplicity of PaSR.

TEST CASE 1: EVANS-SCHEXNAYDER-BEACH EXPERIMENT

Evans et al. [START_REF] Tedder | [END_REF][9] experiments were chosen for the models validation and program verification due to apparent simplicity and large number of experimental data. In the experiment [9] combustion of hydrogen in a round supersonic jet with Mach number M=2 which expired into the supersonic air flow with Mach number M=1.9 containing water vapor, was studied. In these experiments, contact measurements were done: Pitot tube for pressure and gas sampling. The scheme of the experiment is given in Fig. 1. Data [9] is still widely used for CFD programs validation. Unfortunately, the data is not sufficient -there are no details about the geometry of the nozzles, about the turbulence level, about how uniform was the flow at the heater exit, about the boundary layers. This lack of information doesn't permit to get correct profiles at the nozzles exit section. Calculations were initialized from cross-section x/d=0.33 where profiles from [9] are prescribed.

There were many unsuccessful attempts in earlier authors' works to reach a good agreement with the experimental data. This work was intended to concentrate on TCI account with the aim to improve results due to this effect. The first results obtained with EDC [START_REF] Vincent-Randonnier | Proceedings of the Combustion Institute[END_REF][START_REF] Magnussen | On the structure of turbulence and a generalized eddy dissipation concept for chemical reaction in turbulent flow[END_REF] method led to ignition failure in the calculations. It should be noted that the EDC Magnussen model was developed and is used mainly for subsonic flows, but the flow in this problem is essentially supersonic. Under such conditions characteristic chemical reactions time becomes comparable with 030078-3 characteristic flow time, which is not taken into account in EDC model. This effect can be considered on the basis of PaSR model [10]. The difference between PaSR and EDC model is mainly in the basic model values determinationfine structures volume fraction * and characteristic residence time in reactor * . The obtained with PaSR results had very little difference from the results obtained without TCI. It could be explained by large values of reactor fraction obtained in calculations (about 0.9 in the region of essential heat release). A more thorough study might be needed in order to improve the formulas for * estimation. At the moment, the calculations were organized with a number of fixed * values in the entire region during all the calculation for understanding influence of the model. These results (see Fig. 2) demonstrated that at The lack of experimental data gives a lot of arbitrariness in calculations. Various entry profile modifications were regarded (turbulent and gas-dynamic parameters, boundary layers), the influence of chemical kinetics, turbulence and diffusion models was studied. After that a series of different nozzles calculations was fulfilled with the aim to get a proper profile at the nozzles exit section. But it all didn't lead the authors to satisfactory agreement with experimental data both for concentrations and Pitot pressure distributions. On the contrary, improving one distribution we could spoil another one. An example of results, obtained with some nozzles geometry regarded, given in Fig. 3. Green lines there stand for the last calculation and violet -for the initial calculation with no TCI and prescribed profiles from [9] at x/d=0.33. One can notice some improvements in N2 profiles and Pitot away from the axis, but axial Pitot profiles became worse. Notable is that the difference reachable by TCI account is comparable with the difference obtained by other effects regarding. Besides, the largest shift for TCI account compared with no TCI corresponded to almost nocombustion flow. In general, none of the considered multiple modifications made it possible to significantly approach the experiment in the mass concentrations and Pitot pressure distributions simultaneously. A detailed analysis of the experimental data [START_REF] Tedder | [END_REF][9] and several tens of computational works by other authors, as well as multiple parametric calculations showed the insufficiency of this experimental data base for qualitative validation. Concluding, TCI account applied to this simple configuration didn't help to improve results and seems to be negligible compared to other effects.

TEST CASE 2: A.D. CUTLER EXPERIMENT

Therefore, it was decided to first consider the flow of such class without combustion and adjust the turbulence model under the cold flow conditions. Validation of mixing prediction capabilities is of primary importance, because the code is to be used for the simulation of combustion. The experiments of supersonic non-reacting coaxial jet by A. D. Cutler et al. [6][START_REF] Cutler | AIAA Paper[END_REF] conducted at NASA Langley Research Center were chosen for this purpose. Results are to be presented for the simulation of a supersonic coaxial helium jet, since this test case was developed with the validation of CFD software in mind, particularly the validation of codes to be used in the simulation of supersonic combustion.

Remarkably, that in all other authors' numerical simulation of the same experiment there is a common tendency that the calculated maximum position is too close to the lower wall. In some works certain complicated models for variable turbulent Shmidt and Prandtl numbers or models for TCI account were proposed and tuned in order to improve results remaining 2D task formulation. A lot of efforts were undertaken by the authors with the aim to obtain results closer to experimental data, including variations of different gas-dynamic, turbulent parameters, diffusivity properties, TCI account with PDF-flamelet models [START_REF] Shiryaeva | Development and application of numerical technology for simulation of different combustion types in high-speed viscous gas turbulent flows[END_REF][START_REF] Shiryaeva | [END_REF] or PaSR approach. But nothing influenced sufficiently the exit profiles. Only the account of 3D effects gave the desired shift off the lower wall for the profiles extremum position. Some narrowing of the channel due to boundary layers growth in z direction was modeled. It was realized by imposing variable channel width z(x) with dz/dx<0. One computational cell was again left in z direction so that computational costs weren't increased. As a result, a strong increase in boundary layer thickness on the lower wall along the channel was caused by a positive pressure gradient and channel shock wave structure. As a result, the extremums of the exit profiles have shifted in desirable direction, away from the lower wall.

TEST CASE 4: T.S. CHENG

The tuned in A.D. Cutler experiments modeling program was applied to modeling of flows with combustion -T. S. Cheng et al. supersonic burner [START_REF] Tedder | [END_REF] experiments. A hydrogen-fuel jet surrounded by an annular jet of hot vitiated air at Mach 2 exited into ambient air. A set of measurements gathered in 1994 by Cheng et al. [START_REF] Tedder | [END_REF] include data for temperature and major species, using ultra-violet Raman scattering and laser induced fluorescence techniques. This experiment is therefore relevant for numerical code validation in supersonic combustion, and this work is largely referenced in the literature. The finest grid includes about 350000 cells with the use of wall functions. Grid convergence was obtained. The flow in the nozzles was also simulated (see Fig. 56with the flow field pattern from the calculations). In the majority of computational studies by other authors the flow is usually simulated starting from the first section available from experiment in which they impose the measured profiles (x/D=0.85). Generally this approach isn't sufficient to account for the specific features of boundary conditions. We will concentrate on the work of J. Moule [19] where extended partially stirred reactor model (EPaSR) of the flame in a LES framework was applied to the full task simulation including the flow in the nozzles for the heated air and fuel. A correct description of the flame main characteristics was obtained.
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On the basis of approach without TCI, the account parametric study of this experiment was fulfilled with the aim to study sensibility of obtained results on different conditions: the walls' temperature distribution, total temperature and pressure at the entry of each nozzle, turbulence parameters, turbulent Shmidt and Prandtl numbers, gas composition, etc. The obtained results are compared with experimental data and with the work [19], fulfilled with RANS approach without TCI as well as with LES approach with EPaSR. The best conditions were chosen and after that an attempt to apply PaSR was fulfilled with these conditions.

Concerning the full set of results (some of which are given in Fig. 7) one can see that the agreement with the experiment is not perfect but taking into consideration the level of experimental asymmetry, it could be concluded that the further improvements seem to be doubtful, because the difference between one half of experimental data and computations isn't larger than the discrepancy between the two halves of experimental data. The authors' results are not worse than the computations [19] fulfilled using LES with EPaSR model for TCI account. Also worth noting is that LES approach with a complicated model for TCI account from [19] doesn't give definite improvements compared with RANS no TCI approach from the same work.

An attempt to take TCI into account with the PaSR approach in this task led to the same conclusions as earlier in Evans et.al. and Burrows & Kurkov experiments modeling: the obtained with TCI account results had very little difference from the results obtained without it. Concluding, TCI account applied to high-speed simple configuration flows modeling did't help to improve results and seems to be negligible compared to other effects. 

TEST CASE 5: MAGRE & MOREAU EXPERIMENT

Next experimental data were chosen with the aim to study and validate PaSR approaches under significantly different conditions of very low-speed flow. The configuration of channel with backward-facing step, presented in Fig. 8, was chosen [9]. The backward-facing step configuration is a widespread tool to stabilize the combustion at high velocities and is generally used to evaluate the performance of turbulence models in the prediction of separated flows. This configuration is interesting for several reasons. Firstly, simple 2D geometry allows performing many calculations in a reasonable time. This property is particularly relevant in the context of model validation, where many tests are necessary. Secondly, the existence of experimental measurements in both nonreactive and reactive flows is a vital advantage. In addition, this flow was extensively studied numerically in the past. There are some databases that can be used for validation of results, including the most recent with the use of EPaSR method [29].

The geometry of combustion chamber used in [9] is shown in Fig. 8. Air preheated to 520 K passes through a long duct upstream of the step. The methane is injected at about 1 m upstream of the step. Then, it mixes with air preheated to 520 K. The injection velocity of the gas is typically around 50 m/s. The grid was refined in the X and Y directions at the corner of the step and in the recirculation region. The finest mesh is made of 250000 rectangular cells, contains about 150 cells per step height and 140 cells per channel width, "wall functions" are used in the first near-wall cells. A methane/air mixture is injected at T = 525 K. Inlet profiles were obtained after numerical simulation of a 2D channel before the chamber. The calculation of this channel was performed with inlet velocity u = 53 m/s. At outlet, the pressure is set to P = 1 bar. During numerical simulation the walls were assumed to be adiabatic. In the experiment, the walls were cooled by water, but the wall temperature was not measured. Assumption of adiabatic walls overestimated the temperature near walls in case of reactive flow. In the outlet and inlet sections reflecting boundary conditions were applied. First of all flow a simulation of the flow without combustion was fulfilled. Here particular emphasis was placed upon correct description of recirculation region behind the step. The exact determination of mean reattachment length Xr is difficult due to fuzzy character of the eddy edge. The mean experimental reattachment length was found to be Xr/h=4.3±0.2h [9]. In our calculations we got Xr/h < 4.85, that is almost the same as in [29]. Vertical profiles of the Favre-averaged streamwise velocities are compared with experimental data and calculations [29] in Fig. 9. The comparison of mean streamwise velocity shows a satisfactory agreement between the experimental and simulation data. Mesh convergence was obtained. Largest differences with the experimental measurements are observed in the lower part of the chamber (Y < 0 m). However, one should take into account that this area is difficult to cover experimentally because of a complicated particle seeding.

In reactive case, we use the same computational domain, grid, boundary conditions and physical models as in the calculation of nonreactive flow described above. In this experiment combustion is realized by the wave mechanism in premixed methane with air mixture. So the kinetics model should give firstly correct values of the laminar flame propagation speed rather than correct induction period. This created difficulties in the choice of the kinetics model. But it was found that the chosen model caused undamping waves in the flame front surroundings and led to flow instabilities. These oscillations might be additionally sustained by reflective boundary conditions. Unfortunately, we couldn't reach mesh convergence for combustion case due to very strong instabilities development on fine meshes. The stationary solution was calculated by time averaging in URANS calculation with global time stepping after the oscillating regime was reached. The convergence is reached by the averaged solution when it doesn't more change. The results obtained by the authors with no TCI account are of the same quality of agreement with experimental data as calculations in [29]. The primary focus here was on studying PaSR approach for TCI account in low-speed conditions. The results of application of various PaSR-based approaches are demonstrated in Fig. 1011. In Fig. 10 fields of averaged temperature obtained in no TCI approach and with EPaSR method are given, one can see notable changes: the flame front is smoother in last case. In Fig. 11 several vertical temperature profiles obtained in the calculations without TCI approach and with the use of PaSR, EPaSR and GPaSR methods are compared with each other, with experimental data and computations [29]. One can see that TCI account here makes the profiles smoother which allows to come closer to experimental data and thus to improve results compared to no TCI account. PaSR overestimates the averaged temperature in the first cross-section. This is associated with the PaSR shortcomings concerned with the fact that no flow prehistory is accounted for and local state in the fine structures (T*, Yi*) is defined exclusively by the averaged parameters and no exchange between neighboring portions inside the fine structures is accounted for. Modification GPaSR is capable of regarding exchange between the reactors in neighboring cells due to convective transport account. Herein only incoming fluxes are taken into account, because it is these fluxes that matter. The results obtained with
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GPaSR in the first cross-sections are closer to the most complicated model of this class (EPaSR) due to this convective transport inside the fine structures. On the basis of presented results one can say that EPaSR gives the best results. GPaSR is quite close to EPaSR, but it needs further analysis and tuning. It seems to be very promising due to computational economy compared to EPaSR. Based on the application of PaSR class methods for TCI account to simulation of simple configuration experiments on supersonic combustion, it was shown that taking into account the TCI does not allow us to approach the experimental data in this case. Accounting for other gas-dynamic effects is comparable with the TCI, and often even allows to achieve a much better agreement with the experiment.

To adjust the PaSR class methods, numerical simulations of essentially subsonic flow without combustion, as well as flow with combustion without TCI are performed. Different PaSR class methods are compared. The models have been adjusted. GPaSR model for accounting TCI appears to be a very promising compromise between the gain in computational costs (PaSR) and the accuracy of the model (EPaSR). The quality of results obtained in this test with EPaSR and GPaSR models is on the same level.

K

  in the EDC model. Another version of the same class is PaSR model from[START_REF] Schetinkov | Physics of gas combustion[END_REF], in which different expressions are proposed for the main parameters of the model: chem is the characteristic time scale of chemical processes, which is usually estimated by the formula laminar flame front thickness and velocity.
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 7 FIGURE 7. Cheng experiment numerical simulation: temperature distributions in sections x/D=10.8 (a) and x/D=32.3 (b) and H2O mole fraction distributions in sections x/D=10.8 (c) and x/D=32.3 (d)
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 8 FIGURE 8. Magre & Moreau experiment: scheme of A3C test bench along with optical diagnostics (a), computational grid near the step (b) and backward-facing step dimensions (c)

FIGURE 9 .FIGURE 10 .

 910 FIGURE 9. Magre & Moreau experiment numerical simulation: vertical profiles of averaged streamwise velocity in nonreactive backward-facing step flow in sections x=0.06 m (a), x=0.1 m (b), x=0.25 m (c)
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 11 FIGURE 11. Magre & Moreau experiment numerical simulation: vertical profiles of averaged temperature in sections x=0.1 m (a), x=0.25 m (b), x=0.34 m (c) and streamwise velocity in the same sections: x=0.1 m (d), x=0.25 m (e), x=0.34 m (f)in reactive backward-facing step flow
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The results are presented in details in another paper and report at the same conference ("Large Eddy Simulation of a Supersonic Coaxial Helium-Air Jet" by Alexey Troshin et al.). Concluding in two words, the experimental data is very precise and the obtained results are on the same level as other CFD works. Thus the program zFlare was validated for no-combustion cold flow.

TEST CASE 3: BURROWS & KURKOV EXPERIMENT

In Burrows-Kurkov experiment [5] hydrogen was injected parallel to the vitiated air flow. Composition measurements were done at the exit plane of the test section. The scheme of the experiment and parameters of the fuel jet and air flow are given in Fig. 4. The results obtained in pure mixing case without combustion are in good accordance with experiment and other authors calculations. When combustion was simulated, the influence of kinetic scheme was found to be insignificant. On the contrary, the influence of the initial turbulent parameters at the entry was found to be appreciably visible [START_REF] Shiryaeva | Development and application of numerical technology for simulation of different combustion types in high-speed viscous gas turbulent flows[END_REF].