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Numerical simulation of a premixed CH4-air burner for comparison of RANS and LES methodologies

Introduction

The manufacturers of gas turbine are facing tough challenges linked to the reduction of the specific fuel consumption, pollutant emission and noise, and to the improvement of the reliability. The reduction of the specific fuel consumption is tackled by an increase of the Operating Pressure Ratio (OPR) which leads to higher pressure and temperature in the combustion chamber. The counterpart of this temperature increase is that pollutant formation such as NO x is enhanced and that wall and turbine blades are submitted to a higher thermal stress. To cope with this problem, gas turbine manufacturers have to design new combustor concepts. To do so, they rely on the results obtained on realistic experiments but also more and more commonly on results yielded by numerical tools. These tools are based on the resolution of the Navier-Stokes (NS) equations for reactive flows which can be of Reynolds Averaged type (or RANS for Reynolds Averaged Navier-Stokes), or unsteady type such as Large Eddy Simulation (LES). Whatever the resolution type, physical models have to be introduced to close the NS equations. Moreover the spatial and time discretization necessary to solve the NS equations introduces numerical errors, the control of which can be difficult. For those reasons, the numerical tools must be validated by comparison with results of experiments reproducing the real physics encountered in gas turbine combustors. Some of these experiments aim at reproducing only the turbulent mixing between hot and fresh gas [START_REF] Borghi | Turbulent combustion in a premixed flow[END_REF] while others have in addition the purpose to mimic the swirl induced by the injection devices either with gaseous fuel [START_REF] Meier | Detailed characterization of the dynamics of thermoacoustic pulsations in a lean premixed swirl flame[END_REF] [3] or with liquid fuel [START_REF] Dupoirieux | Methodology for the numerical prediction of soot formation in turbulent reactive flows and application to aircraft engine combustors[END_REF]. Some experiments reproduce the process of flame holding by recirculation of hot gases behind an obstacle or a sudden pipe expansion [START_REF] Pitz | Combustion in a turbulent mixing layer formed at a rearward-facing step[END_REF] [START_REF] Sainte-Rose | A DES method applied to a backward facing step reactive flow[END_REF]. Despite its apparent simplicity this type of configuration is a severe validation case for the numerical tools because the hot gas recirculation and the flame developing from this recirculation to the opposite wall are not confined in a closed room, so that the correct simulation of their extension depends on the quality of the physical models and the numerical resolution. For that reason the configuration described hereafter, where a premixed flame is stabilized by recirculation of hot gases behind a rearward facing step, has been considered to assess different resolution methodologies (RANS, LES). Section 2 of this paper gives an overview of the experimental set-up and associated optical diagnostics. In section 3, the computation results concerning the simulation of the rearward facing step burner are compared to experimental results for different numerical methodologies, and key points deduced from these comparisons are summarized in conclusion section 4.

Experimental set-up and diagnostics

The numerical simulations presented in this paper are related to the experiments achieved at ONERA's LAERTE facility in the case of a premixed methane-air flame stabilized by a backward facing step [START_REF] Magre | Further studies by CARS of premixed turbulent combustion in a high velocity flow[END_REF].

The combustor is fed with preheated air. Methane and heated air mass flow are measured by use of choked nozzles. The preheated air passes through the inlet (premixing) duct before entering the combustor. The inlet duct includes several rectangular-section pipes (100 mm × 65 mm cross section). The methane injector is made of five vertical bars pierced with a total of 55 holes. It is placed about 1.2 m upstream from the step. Downstream of the injector is a honeycomb grid (5 mm × 5 mm × 100 mm channels), which straightens the flow, reduces the turbulence level and improves the homogeneity of the airflow. The thickness of the boundary layer at the step section is about 13 mm. Velocity profile corresponds to a fully-developed turbulent boundary layer and is well-described by a 1/7 power law. The step is 35 mm high, and the 1.4 m long chamber has a square section of 100 mm × 100 mm.

The combustor walls are water cooled allowing long duration tests and large optical accesses (100 mm × 260 mm quartz windows) are used to achieve optical diagnostics. A flush-mounted spark igniter is inserted through the lower combustor wall.

An exit nozzle equipped with a throttling plug is connected downstream of the combustor to control the chamber pressure (moving this plug also modifies the acoustic impedance). 

TEMPERATURE MEASUREMENTS BY CARS (A3C CONFIGURATION)

The temperature of the flow has been measured at different positions of the combustor by use of Coherent Anti-stokes Raman Scattering technics. These measurements have been obtained only for the reacting case. Because of the low dynamics of the detector, most of the acquisitions have been done twice, once for "cold" values and once for "hot" values.

Most of the histograms presents a bimodal distribution, one centered on T = 550 K (fresh gases), the other around 2000-2200 K (burnt gases). As a consequence, the average temperature has a low probability to be effectively measured. The lack of intermediate values can be explained by the very thin thickness of the flame front.

The conditions of temperature measurement by CARS spectroscopy are the following:

• time-resolution of 12 ns for a single-shot acquisition (i.e. laser pulse duration),

• spatial resolution of 3 mm × 40 µm (Boxcars arrangement of the laser beams),

• measurement accuracy of 3-5 % for the temperature.

Average test conditions were:

• ṁ air = 0.194 ± 0.012 kg.s -1

• P = 0.103 ± 0.003 MPa • T air inlet = 532 ± 19 K,

• methane fuel* • E.R. = 0.833 ± 0.022.

VELOCITY MEASUREMENTS BY LDV (A3C CONFIGURATION)

The velocity has been measured in the combustor by use of Laser Doppler Velocimetry (LDV) technics. For each measurement location, a selection of 650 to 5000 single-shot measurements has been used to build the current database (improper measurements have been removed). Sub-micron particles used for seeding were made of zirconium dioxide.

For the non-reacting case, test conditions were:

• ṁ air = 0.196 ± 0.009 kg.s -1

• P = 0.100 ± 0.002 MPa • T air inlet = 529 ± 28 K.

For the reacting case, test conditions were:

• ṁ air = 0.193 ± 0.007 kg.s -1

• P = 0.103 ± 0.002 MPa • T air inlet = 521 ± 18 K • methane fuel • E.R. = 0.855 ± 0.036.

Numerical simulation of the rearward facing step burner

Conditions of the calculations

The rearward facing step burner described in section 2 is simulated with the help of the solver CHARME of CEDRE software [START_REF] Refloch | CEDRE Software[END_REF]. The resolution of the 3D Navier-Stokes equations is achieved over a computational domain including a small part of the duct upstream of the step and a much longer part downstream of it. Since the turbulent boundary layer upstream of the step is fully developed and has been experimentally characterized, the influence of the upstream turbulence level on the downstream mixing is introduced through the inlet boundary conditions in terms of velocity profile. Therefore the calculation of the evolution of the upstream boundary layer along the lower wall is not required, so that the length of duct upstream of the step considered in the calculation is reduced to 200 mm. On the other hand, the length of duct taken into account downstream of the step is much longer, because it must encompass all the flame which is attached to the step corner and slowly propagates to the upper wall. This length is equal to 1300 mm.

For the RANS simulation the transverse direction is not considered and the calculation grid is 2D. For the LES the calculation grid is of course 3D but, to offset the great length of the calculation domain and to keep the computation time reasonable, only a part of the duct is considered in the transverse horizontal direction: The width of the calculation domain is only 70 mm while the real one is 100 mm, and periodic boundary conditions are applied on the lateral walls instead of usual friction conditions, in order to avoid the mesh refinement necessary to deal with the lateral boundary layers. Knowing that the measurements have been achieved in the lengthwise symmetry plane, this simplification does not alter the comparison between numerical and experimental results as long as the lateral boundary layers are not too thick.

Even if the CHARME solver may deal with any type of mesh, it has been decided to generate a calculation grid with rectangular (in 2D) or parallelepiped (in 3D) meshes to optimize the resolution accuracy. The RANS grid includes 501000 rectangular cells. The LES grid is made up of 3 domains: -a non refined domain in the most upstream part of the step including 30000 cells, -a refined domain slightly upstream and downstream of the step with 2500000 cells, -a third domain located far downstream of the step, with a progressive loss of refinement, including 236000 cells. The grid is refined near the walls and a law of the wall is used both in 2D and 3D to correctly reproduce the evolution of the wall boundary layers. Figure 2 highlights the features of the LES calculation grid. The spatial discretization relies on upwind uncentered convective fluxes with a MUSCL type limiter of order 2. The time integration is semi-implicit of order 2 as well. The boundary conditions are: -Inlet: Bulk velocity of 50 m/s for a CH 4 -air mixture at equivalence ratio 0.855, synthetic turbulence rate of 5 %, temperature of 520 K; -Outlet: Pressure of 101300 Pa combined with non reflexive conditions for acoustic waves;

-Lower wall: adiabatic conditions before the step, temperature of 1000 K downstream of the step. -Upper wall: adiabatic conditions A two-equations turbulence model is used in RANS simulations while the Smagorinsky subgrid scale model is used for the LES to account for the non resolved turbulent structures. Concerning combustion, an EBU (Eddy Break-Up) model with a limitation of the reaction rate to account for the chemical equilibrium temperature [START_REF] Dupoirieux | The Models of Turbulent Combustion in the CHARME Solver of CEDRE[END_REF] is used in RANS simulations. For the LES, the combustion model is based on the Thickened Flame Model [START_REF] Colin | A Thickened Flame Model for Large Eddy Simulations of Turbulent Premixed Combustion[END_REF] including a two-steps mechanism [START_REF] Franzelli | Large Eddy Simulation of combustion instabilities in a lean partially premixed swirl flame[END_REF] aiming at reproducing the correct laminar propagation speed of premixed CH 4 -air flames.

The time step used for the LES is 10 -6 s, which makes 5 to 10 times the CFL (Courant -Friedrichs -Lewy number) for a characteristic cell size of 10 -4 m. This does not alter the accuracy of the simulation since, in our configuration, the time evolution is driven by the Kelvin-Helmoltz instabilities and the flame pulsation induced by the large turbulent structures, but not by the acoustics. 2×10 5 time steps are required to obtain a statistically converged flowfield, which corresponds to a CPU time of 20 hours on 128 Nehalem processor cores of the ONERA super-computer. Until x=60 mm, the LES profiles match very well with the measurements. From x=80 mm to x=250 mm, the agreement between numerical and experimental profiles remains acceptable but, from x=340 mm to x=910 mm, some discrepancies must be noted. Two reasons can explain the deterioration of the numerical results with the distance from the step. Firstly the calculation grid is less and less refined with increasing x, which worsens the accuracy of the calculation; secondly, the lateral boundary layers, which are not considered in the calculation, tend to thicken, which can accelerate the flow in the lengthwise symmetry plane of the burner, where the velocities are measured. This last point could explain the higher measured velocities obtained for x=340 mm and x=460 mm. We note that the RANS results are much less satisfactory than the LES ones: the RANS simulation greatly overestimates the reverse velocities in the recirculation zone taking place behind the step and, in x=210 mm and x=250 mm, underestimates the velocity in the part of the flow located above the step. More downstream RANS and LES deteriorate in a similar way. x=910 mm, the matching of which being pure coincidence, LES results are much more satisfactory than RANS results.

Non reactive flow

Reactive flow

Figure 5 gives the average temperature field obtained by LES and an example of instantaneous field yielded by LES. The angle of the average turbulent flame seems quite small despite the existence of large turbulent structures evidenced by the instantaneous field. However the corresponding propagation speed of the turbulent flame is of the order of 5 m/s, i. e. 10 to 15 times the propagation speed of the laminar flame. We also note that the temperature inside the recirculation zone immediately downstream of the step is lower than the flame temperature. This lower temperature is induced by the thermal boundary condition (1000 K on the wall) which has a great impact on recirculating gases associated with a high residence time. Let us notice that we obtain a good agreement between LES and experiment near the lower wall, where we noted some discrepancies concerning the velocity fluctuations. This is not surprising: the temperature in the lower part of the combustor (except in the very thin thermal boundary layer close to the wall) must be equal to the chemical equilibrium temperature, whatever the value of the velocity, and this temperature is recovered both in the calculations and the experiment. Figure 9 gives the profiles of temperature fluctuations for the experiment and the LES (this information is not available in the RANS calculations). We observe a very satisfactory agreement until x=340 mm. Further downstream the fluctuations given by the LES naturally vanish because the lower part of the burner is filled with burnt gases for which no temperature fluctuation can be produced by the calculation. The fluctuations observed in the lower part of the last experimental profiles can be explained either by intermittent local extinctions or by huge turbulent fluctuations introducing intermittently some fresh gases in the lower part of the combustor. These phenomena can not be captured without a sophisticated combustion model and/or a very refined calculation grid.

Conclusion

The calculation of the rearward facing step burner is very challenging because the location of the flame is not imposed by the geometry but by the physical models, which induce the turbulent flame propagation, and the accuracy of the numerical resolution. We compare in this paper RANS and LES simulations of this burner. As expected more accurate results are obtained with LES as long as the calculation grid remains refined. More sophisticated chemical mechanisms could help improve the prediction of the turbulent flame propagation to the upper wall. We also note that an effort must be paid to better describe the behavior of the boundary layer around the reattachment point, in order to correctly predict the velocity fluctuations in this region.

In conjunction with a grid refinement in the downstream part of the burner, the calculation of the lateral boundary layers is another way of improving the quality of the simulation.
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 1 Figure 1 presents a schematic of the facility.
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 1 Figure 1: Schematic of the experimental set-up
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 2 Figure 2: Calculation grid for the LES of the backward facing step
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 3 Figure 3: Non reactive case: profiles of average axial velocity; x: distance from the step; red dots: measurements; blue lines: LES; purple lines: RANS
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 4 Figure 4: Non reactive case: profiles of axial velocity fluctuation; x: distance from the step; red dots: measurements; blue lines: LES; purple lines: RANS Figure 4 gives the profiles of axial velocity fluctuations. Again, the agreement between LES and experiment is very satisfactory until x=60 mm. It remains acceptable until x=120 mm but worsens more downstream, probably because of the less refined spatial discretization. The RANS values are deduced from the turbulent momentum fluxes given by the 2 equations turbulence model. For all profiles except
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 56 Figure 5: Average temperature field obtained by LES (top); instantaneous temperature field given by LES (bottom)
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 7 Figure 7: Reactive case: profiles of axial velocity fluctuation; x: distance from the step; red dots: measurements; blue lines: LES; purple lines: RANS Figure 7 gives the profiles of axial velocity fluctuations. One notes some discrepancies between LES and experiment, especially near the lower wall. It seems that the law of the wall used in the calculation is not damping enough the large turbulent structures interacting with the lower wall, especially around the reattachment point (x=120 mm) where the LES gives a large peak of fluctuation not observed in the experiment. The RANS calculation behaves better, probably because it has not to deal with this interaction, since the effect of the large structures is included in the turbulent viscosity.
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 8 Figure 8: Profiles of average temperature; x: distance from the step; red dots: measurements; blue lines: LES; purple lines: RANS
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 9 Figure 9: Profiles of temperature fluctuations; x: distance from the step; red dots: measurements; blue lines: LES; purple lines: RANS
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