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Multiphysics simulation combining large-eddy simulation, wall heat conduction and radiative energy transfer to predict wall temperature induced by a confined premixed swirling flame
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A multi-physics simulation combining large-eddy simulation, conjugate heat transfer and radiative heat transfer is used to predict the wall temperature field of a confined premixed swirling flame operating under atmospheric pressure. The combustion model accounts for the effect of enthalpy defect on the flame structure whose stabilization is here sensitive to the wall heat losses. The conjugate heat transfer is accounted for by solving the heat conduction within the combustor walls and with the Hybrid-Cell Neumann-Dirichlet coupling method, enabling to dynamically adapt the coupling period. The latter coupling procedure is enhanced to determine statistics (mean, RMS, . . .) in a permanent regime accurately and efficiently thanks to an acceleration technique which is derived and validated. The exact radiative heat transfer equation is solved with an advanced Monte Carlo method with a local control of the statistical error. The coupled simulation is carried out with or without accounting for radiation. Excellent results for the wall temperature are achieved by the fully coupled simulation which are then further analyzed in terms of radiative effects, global energy budget and fluctuations of wall heat flux and temperature.

Introduction

The increasing number of applications of large-eddy simulations (LES) in practical combustor configurations [START_REF] Moin | Large-eddy simulation of realistic gas turbine combustors[END_REF][START_REF] Gicquel | Large Eddy Simulations of gaseous flames in gas turbine combustion chambers[END_REF] outlines the growing maturity of such methods to simulate turbulent reactive flows. While subgrid-scale modeling efforts are still ongoing, the range of applications of such high-fidelity computations widens to new horizons such as multiphysics simulations of conjugate heat transfer (CHT). Several applications to turbine blades have been reported [START_REF] Duchaine | Development and assessment of a coupled strategy for conjugate heat transfer with large eddy simulation: Application to a cooled turbine blade[END_REF][START_REF] Duchaine | Large-eddy simulation and conjugate heat transfer around a low-mach turbine blade[END_REF] as well as combustion cases [START_REF] Jaure | Massively parallel conjugate heat transfer methods relying on large eddy simulation applied to an aeronautical combustor[END_REF][START_REF] Berger | On the sensitivity of a helicopter combustor wall temperature to convective and radiative thermal loads[END_REF][START_REF] Mari | Effect of pressure on hydrogen/oxygen coupled flame-wall interaction[END_REF]. The accurate prediction of heat flux and temperature at the combustor wall requires accounting for the coupling between the turbulent reactive flow, the heat conduction within the walls and the radiative energy transfer. The later phenomenon, radiation, has also been coupled to reactive LES in different studies [START_REF] Jones | Combination of dom with les in a gas turbine combustor[END_REF][START_REF] Dos Santos | Coupled large eddy simulations of turbulent combustion and radiative heat transfer[END_REF][START_REF] Poitou | Analysis of the interaction between turbulent combustion and thermal radiation using unsteady coupled les/dom simulations[END_REF][START_REF] Berger | On the sensitivity of a helicopter combustor wall temperature to convective and radiative thermal loads[END_REF]. Combining LES with conjugate heat transfer and thermal radiation in a multiphysics framework can nowadays be envisioned and enables a state-of-the-art estimation of wall heat loads. Besides, coupling LES with radiative heat transfer enables to alleviate most of the issues of Turbulence-Radiation Interaction (TRI) [START_REF] Coelho | Numerical simulation of the interaction between turbulence and radiation in reactive flows[END_REF][START_REF] Coelho | Turbulence-Radiation Interaction: From Theory to Application in Numerical Simulations[END_REF] which is significant in RANS simulations. Nevertheless, subgridscale TRI effects remain neglected in the present study but modelling studies have recently emerged [START_REF] Soucasse | Subgrid-scale model for radiative transfer in turbulent participating media[END_REF][START_REF] Gupta | Turbulence-radiation interactions in large-eddy simulations of luminous and nonluminous nonpremixed flames[END_REF]. Such a pioneering high-fidelity approach has been presented in [START_REF] Berger | On the sensitivity of a helicopter combustor wall temperature to convective and radiative thermal loads[END_REF] and applied a helicopter combustor while describing the radiation properties with a global model. The coupling frequency with the radiation solver was however strongly limited. Nevertheless, accurate unsteady simulations such as LES to predict unsteady wall heat loads is very promising to determine thermal fatigue in combustors as recently developed in the nuclear engineering community [START_REF] Lee | Numerical analysis of thermal striping induced high cycle thermal fatigue in a mixing tee[END_REF][START_REF] Kuhn | Computational study of conjugate heat transfer in t-junctions[END_REF][START_REF] Galpin | Large eddy simulation of a thermal mixing tee in order to assess the thermal fatigue[END_REF].

The employed multiphysics methodology relies on separate solvers to treat each physical phenomenon. To be affordable, conjugate heat transfer with LES must be carried out on massively parallel clusters. In these unsteady simulations, both flow and heat conduction solvers exchange data at their interface regularly after a prescribed coupling time step ∆t cpl . The optimal value of the latter quantity is not known. The recently developed Hybrid-Cell Neumann-Dirichlet (HCND) method [START_REF] Koren | Self-adaptive coupling frequency for unsteady coupled conjugate heat transfer simulations[END_REF] is considered to determine this coupling time step dynamically from an accuracy tolerance. This makes the HCND method relevant to high-fidelity unsteady numerical studies of conjugate heat transfer when considering a direct numerical or large-eddy simulation in the flow field. However, an issue to deal with in unsteady simulations of CHT problems is the slow conduction process such that the transient heating or cooling of a solid part to its permanent state requires to simulate a physical time which is not affordable. The term permanent regime is used to denote the final behavior of the system after an initial transient phase. In a general case, this final state (in turbulent or oscillatory flows) remains unsteady and is characterized by a spectrum of harmonics. Steady conditions denote conditions that do not present any temporal variations. The issue of the slow conductive transient is usually alleviated by artificially accelerating the physical transient to reach sooner the permanent regime which is still unsteady in a pulsated or turbulent flow. Several techniques have been proposed in the literature to carry out such an acceleration [START_REF] Errera | Optimal solutions of numerical interface conditions in fluidstructure thermal analysis[END_REF][START_REF] Duchaine | Development and assessment of a coupled strategy for conjugate heat transfer with large eddy simulation: Application to a cooled turbine blade[END_REF][START_REF] Jaure | Massively parallel conjugate heat transfer methods relying on large eddy simulation applied to an aeronautical combustor[END_REF][START_REF] Berger | On the sensitivity of a helicopter combustor wall temperature to convective and radiative thermal loads[END_REF][START_REF] He | Unsteady conjugate heat transfer modelling[END_REF][START_REF] He | Fourier spectral modelling for multi-scale aero-thermal analysis[END_REF]. The HCND being based on synchronized data, it is not compatible (see details in Sec. 2) with the established techniques for acceleration. A first study is therefore dedicated to derive an acceleration method for the HCND coupling approach in order to keep its benefits (accuracy control and self-adaptive determination of coupling time step) while determining permanent regime statistics in turbulent flows.

A multiphysics simulation is then applied to a confined premixed swirling flame [START_REF] Guiberti | Analysis of topology transitions of swirl flames interacting with the combustor side wall[END_REF][START_REF] Guiberti | Impact of heat loss and hydrogen enrichment on the shape of confined swirling flames[END_REF] whose stabilization has been shown to be sensitive to the wall conditions as in other similar flames [START_REF] Nogenmyr | Effects of confinement on premixed turbulent swirling flame using large eddy simulation[END_REF][START_REF] Tay-Wo-Chong | Combined influence of strain and heat loss on turbulent premixed flame stabilization[END_REF][START_REF] Proch | Modeling heat loss effects in the large eddy simulation of a model gas turbine combustor with premixed flamelet generated manifolds[END_REF][START_REF] Donini | Numerical simulations of a premixed turbulent confined jet flame using the flamelet generated manifold approach with heat loss inclusion[END_REF]. On the combustion modeling side, this requires to describe the effect of non-adiabaticity due to heat losses on the flame structure and its stabilization [START_REF] Ketelheun | Heat transfer modeling in the context of large eddy simulation of premixed combustion with tabulated chemistry[END_REF][START_REF] Trisjono | Large eddy simulation of stratified and sheared flames of a premixed turbulent stratified flame burner using a flamelet model with heat loss[END_REF][START_REF] Mercier | Les modeling of the impact of heat losses and differential diffusion on turbulent stratified flame propagation: Application to the tu darmstadt stratified flame[END_REF][START_REF] Mercier | Experimental and numerical investigation of the influence of thermal boundary conditions on premixed swirling flame stabilization[END_REF]. The flame has previously been simulated successfully in a non-coupled and stand-alone LES based on a non-adiabatic F-TACLES (Filtered Tabulated Chemistry for LES) model [START_REF] Mercier | Experimental and numerical investigation of the influence of thermal boundary conditions on premixed swirling flame stabilization[END_REF]. The wall temperature profiles were then specified from the experimental ones that were measured by Laser Induced Phosphorescence. The main objective of this study is to predict this wall temperature field in order to retrieve the combustor characteristics in terms of flame stabilization and wall heat losses without any prior knowledge from the experimental data. To do so, the proposed multiphysics simulation aims at describing each physical phenomenon as accurately as possible: i) large-eddy simulation with a combustion model that accounts for the effect of enthalpy defect on the flame structure, ii) an efficient Monte-Carlo solver with detailed radiative properties and controlled accuracy, and iii) a self-adaptive coupling procedure for conjugate heat transfer to compute accurately steady and unsteady components of the solid domain temperature. This provides a high-fidelity coupled simulation which, to the best of the authors' knowledge, is unprecedented in the investigated realistic configuration.

The article is organized in three main sections. Section 2 deals first with the derivation and validation of the accelerated variant of Hybrid-Cell Neumann-Dirichlet method. The setup of the numerical solvers and physical models to simulate the investigated confined premixed swirling flame are given in Sec. 3. Finally, coupled results with or without accounting for radiative energy transfer are detailed an analyzed in Sec. 4.

2 Hybrid-Cell Neumann-Dirichlet method and acceleration of the transient regime Among the different techniques to accelerate the thermal transient, a first example is the coupling of an unsteady flow solver with a steady solid heat transfer solver [START_REF] Errera | Optimal solutions of numerical interface conditions in fluidstructure thermal analysis[END_REF]. By doing so, the mean fields are obtained at a low computational cost but this approach is limited to steady-state computations and cannot grant access to the temperature and heat flux fluctuations in the wall. A second approach is the desynchronization method [START_REF] Duchaine | Development and assessment of a coupled strategy for conjugate heat transfer with large eddy simulation: Application to a cooled turbine blade[END_REF][START_REF] Jaure | Massively parallel conjugate heat transfer methods relying on large eddy simulation applied to an aeronautical combustor[END_REF][START_REF] Berger | On the sensitivity of a helicopter combustor wall temperature to convective and radiative thermal loads[END_REF] which can be used with fully unsteady coupled simulations. In this method, codes are no longer synchronized in terms of physical time: while the flow solver simulates a physical time of ∆t cpl the solid heat transfer solver simulates a physical time of α∆t cpl where α ≈ 100 -500. This methodology provides an efficient and robust way to compute the mean temperature and wall heat flux fields on the interface boundary. However, the employed coupling approach that is HCND is not consistent with the desynchronization formalism. Moreover, by modifying the frequencies perceived by the solid, such a technique amplifies the level of heat load fluctuations. Once the permanent regime is reached, one could stop the acceleration algorithm but the transient from the erroneous to the unperturbed permanent fluctuations is characterized by a large conduction time scale, which brings back to the original issue. The objective in this section is therefore to derive an artificial acceleration method for the HCND approach that does not perturb the predicted statistics (mean and rms) in permanent regime while keeping the advantages of the original coupling method. The Hybrid-Cell Neumann-Dirichlet method is first briefly presented before being enhanced to artificially accelerate the transient heating or cooling of the structure. Validations are carried out on a 1D unsteady CHT problem.

Hybrid-Cell Neumann-Dirichlet method

The Hybrid-Cell Neumann-Dirichlet (HCND) method [START_REF] Koren | Self-adaptive coupling frequency for unsteady coupled conjugate heat transfer simulations[END_REF] has been derived for target applications which are coupled DNS/LES of unsteady CHT. For the sake of accuracy of such coupled high-fidelity methods, the coupling time step between communications of separate solvers is self-adapted. This is done by considering hybrid cells around the solid-fluid interface (see Fig. 1) in order to derive the following ordinary differential equation for the boundary temperature:

dT bnd dt = - Φ f,bnd + Φ s,bnd V f ρ f c pf + V s ρ s c ps . (1) 
The coupling approach is based on a layer of such hybrid cells at the boundary. The integrated heat flux over all internal faces in the solid domain of the hybrid cell is denoted Φ s,bnd , and Φ f,bnd in the fluid. Both quantities are provided by the flow and solid solvers. Temperature Dirichlet boundary conditions are then provided for the flow and solid heat transfer solvers. Thanks to this formulation, an automatic determination of the coupling time step is achieved by controlling the numerical integration error. As detailed in [START_REF] Koren | Self-adaptive coupling frequency for unsteady coupled conjugate heat transfer simulations[END_REF], given an estimated numerical error from two temporal integration schemes, a controller adapts the coupling time step for the next coupling stage. Undesired variations in the coupling time step due to the coupled dynamics of the controller and the considered equation system solved with variable time steps must be prevented. This is why a robust PID controller [START_REF] Söderlind | Digital filters in adaptive time-stepping[END_REF] is considered and has been shown to work satisfactorily [START_REF] Koren | Self-adaptive coupling frequency for unsteady coupled conjugate heat transfer simulations[END_REF]. This achieved control of the numerical error also ensures the numerical stability of the coupling procedure. The only parameter is then a prescribed tolerance to control the numerical accuracy of the coupling method.

Superposition of mean and fluctuating parts to afford computing permanent regime statistics

As highlighted in the introduction, the discrepancy between the fluid and solid time scales leads to a huge need in computational resources: computing the transient heating or cooling of a combustion chamber requires simulating a very large physical time. The desynchronization technique is widely used in CHT studies with LES [START_REF] Duchaine | Development and assessment of a coupled strategy for conjugate heat transfer with large eddy simulation: Application to a cooled turbine blade[END_REF][START_REF] Jaure | Massively parallel conjugate heat transfer methods relying on large eddy simulation applied to an aeronautical combustor[END_REF][START_REF] Berger | On the sensitivity of a helicopter combustor wall temperature to convective and radiative thermal loads[END_REF]. However, HCND coupling method is not compatible with such a procedure since the boundary temperature is determined by an ordinary differential equation which requires temporal synchronization of heat fluxes from both solvers. For this reason, an acceleration method based on a similar approach to [START_REF] He | Unsteady conjugate heat transfer modelling[END_REF][START_REF] He | Fourier spectral modelling for multi-scale aero-thermal analysis[END_REF] is derived: the temperature field inside the walls is described as the superposition of a steady and a transient component:

T s = T s + T s .
Each component is then solved using the adequate heat transfer equation:

0 = ∇.(λ s ∇ T s ) (2) 
ρ s c p,s ∂T s ∂t = ∇.(λ s ∇T s ) (3) 
The instantaneous wall heat flux on the fluid side, Φ f,bnd , is also split into two components: A mean wall heat flux Φ f,bnd and a fluctuating heat flux Φ f,bnd such that

Φ f,bnd = Φ f,bnd -Φ f,bnd . (4) 
Solving Eq. 2 is accomplished by using the mean wall heat flux Φ f,bnd as a boundary condition on the shared interface, and yields the solid mean temperature field of T s including the interface mean temperature T bnd . In the unsteady fluid solver, the estimated mean wall heat flux at a time τ is computed by time averaging the instantaneous wall heat flux:

Φ f,bnd (τ ) = 1 τ τ 0 Φ f,bnd (t)dt (5) 
As the cumulating duration τ in this integral increases, the computed quantity Φ f,bnd (τ ) converges to the steady mean flux Φ f,bnd . The unsteady fluctuating solid temperature equation, Eq. 3, is coupled to a fluctuating variant of the boundary temperature equation, Eq. 1,

dT bnd dt = - Φ f,bnd + Φ s,bnd V f ρ f c pf + V s ρ s c ps . ( 6 
)
following the usual HCND coupling method, which still self-adapts the coupling time step given a prescribed tolerance. Finally, the instantaneous boundary temperature, used as a boundary condition by the flow solver, is obtained by summing both parts: In [START_REF] He | Unsteady conjugate heat transfer modelling[END_REF][START_REF] He | Fourier spectral modelling for multi-scale aero-thermal analysis[END_REF], the considered mean/fluctuation splitting is carried out on all considered Fourier modes. The fundamental mode, i.e. the steady state, is solved with a steady heat transfer equation solver while the unsteady heat conduction is solved for other spectral modes in the frequency-domain. With the introduced splitting, keeping a time-domain resolution to describe all types of fluctuations enables to account for a single unsteady equation which is solved numerically with a controlled accuracy. As in [START_REF] He | Unsteady conjugate heat transfer modelling[END_REF][START_REF] He | Fourier spectral modelling for multi-scale aero-thermal analysis[END_REF], the acceleration to a permanent regime by disregarding the slow solid conduction process results from providing the mean heat flux Φ f,bnd , which converges within several flow time scales, directly as a boundary condition to the steady conduction problem in Eq. 2. Let us explain this carefully: The superposition principle of a mean state and a fluctuating part is exact as long that the boundary condition applied to Eq. 2 is the exact steady mean flux. During the simulated initial transient, it is not the case since the cumulative average in Eq. 5 (that ultimately reaches a mean steady state) is not converged. Hence, Eq. 2 is forced in a quasi-steady behavior where the applied non-converged wall heat flux is then instantaneously equilibrated in the solid thermal state. This is how the physical transient is artificially accelerated. Ultimately, the cumulative average in Eq. 5 converges to a steady mean value. This is when the strict validity of the superposition becomes valid and the fluctuations in the reached permanent regime are then not impacted by the acceleration method. Once Φ f,bnd is converged, Eq. 2 also yields the exact mean steady solution in the solid.

T bnd = T bnd + T bnd (7) 

1D validation of the accelerated coupling

The HCND coupling methodology combined with the acceleration method of the thermal transient is first tested on a one-dimensional test case used in [START_REF] Koren | Self-adaptive coupling frequency for unsteady coupled conjugate heat transfer simulations[END_REF].The test case consists of two coupled one-dimensional codes, each solving the unsteady heat equation in each medium. The fluid and solid mediums of size L f and L s , respectively, are: The burnt gases of oxycombustion at a 20-bars pressure on the one hand, and an Inconel steel on the other hand. Properties of both mediums are given in table 1. The configuration is shown in Fig. 2: The interface is located at the axial position x = 0 with the fluid medium on the negative x-values and the solid medium at the positive x-values. Boundary conditions are applied at both extreme edges of the domain: at x = -L f , the fluid temperature fluctuates following a temporal sine wave of frequency f ext ,

T f,ext = T (x = -L f , t) = T 0 (1 + 0.1 sin(2πf ext t)) + T s,ext (8) 
with T 0 = 1000 K, while at x = L s , the solid's outer boundary T s,ext is a fixed temperature equal to the initial mean temperature in both mediums: 293 K. The evolution of the resulting interface temperature along time is plotted in Fig. 3. The order of magnitude of the transient time to permanent regime can in fact be estimated by the characteristic conduction time scale τ cond = δ 2 /a s in the solid, where δ is a solid characteristic length and a s = λ s /(ρ s c p s ) the solid thermal diffusivity. The estimated physical transient time is τ cond = 0.32 s where δ is taken as the solid domain size L s and a s = 3.1 × 10 -6 m 2 /s. This gives a dimensionless time τ cond • f ext ≈ 30 which is consistent with the non-accelerated solution shown in Fig. 3. The fluctuations amplitude in Fig. 3 is two orders of magnitude smaller than the one entering at x = -L f . This effect can be attributed to the value of the thermal activity ratio K (= 4.78 10 -3 in this case), defined as: Results for the described superposition approach are compared with a reference solution (sufficiently refined to neglect discretization errors) without any artificial acceleration (here, affordable in 1D) and with a standard Neumann-Dirichlet coupling method accelerated by the desynchronization method [START_REF] Duchaine | Development and assessment of a coupled strategy for conjugate heat transfer with large eddy simulation: Application to a cooled turbine blade[END_REF][START_REF] Jaure | Massively parallel conjugate heat transfer methods relying on large eddy simulation applied to an aeronautical combustor[END_REF][START_REF] Berger | On the sensitivity of a helicopter combustor wall temperature to convective and radiative thermal loads[END_REF] with the factor α = 10 and α = 100. For a better assessment of the methods, the boundary temperature evolution is split into two components. The first one is the evolution of the pseudo-mean temperature T bnd defined as in Eq. 5 at the fluid/solid interface. Tracking its evolution allows a better vision of the convergence speed of the calculated mean temperature field towards its steady value. The second component studied is the fluctuating part of the boundary temperature, generated by the oscillating outer boundary condition. The mean component of the boundary temperature is plotted in Fig. 4. The reference solution shows that the transient heating determined by the solid time scale corresponds approximatively to fifty periods of the chosen value of f ext . Desynchronizing the solid physical time from the one seen in the fluid enables to reach the steady plateau much faster. With different values of the desynchronization factor α, convergence can be made arbitrarily short although one must still pay attention to the numerical stability of the coupling method [START_REF] Duchaine | Development and assessment of a coupled strategy for conjugate heat transfer with large eddy simulation: Application to a cooled turbine blade[END_REF]. The proposed method also enables to quickly reach the steady value of the boundary temperature, much sooner than in the reference solution. The plateau reached by the symbols on the right of Fig. 4 is the steady mean temperature to retrieve. Both acceleration methods predict accurately this mean value after the accelerated transient.

K = ρ f c pf λ f ρ s c ps λ s . (9 
Figure 5 shows the unsteady part of the interface temperature. According to the reference solution, the imposed fluctuations yield an amplitude of approximatively 1 Kelvin at the interface. A known weakness of the desynchronization method is observed: The heat flux fluctuations received by the solid wall have a frequency which is scaled by α and hence a response amplitude which is multiplied by √ α [START_REF] Jaure | Massively parallel conjugate heat transfer methods relying on large eddy simulation applied to an aeronautical combustor[END_REF]. On the other hand, the proposed superposition approach of the mean and unsteady parts provides an excellent agreement after an initial transient time. These first five or six signal periods have indeed been influenced by the pseudomean temperature value which has not converged yet. Once the permanent regime is reached, the predicted fluctuations are accurate, which is the purpose of the acceleration method. The combination of the proposed acceleration method and HCND coupling method successfully predicts the steady wall temperature and heat flux in the permanent regime without perturbing their unsteady contributions and while automatically determining the coupling time step. The validation in 1D cases of this approach has been illustrated for one value of the frequency f ext . The method actually works equally well for other frequencies. It is now applied to the study of a confined turbulent flame in the next section.

3 Experimental and numerical setups of the confined premixed swirling flame

Experimental setup

The experimental setup used to validate the proposed coupling strategy was studied experimentally by Guiberti et al. [START_REF] Guiberti | Impact of heat loss and hydrogen enrichment on the shape of confined swirling flames[END_REF][START_REF] Mercier | Experimental and numerical investigation of the influence of thermal boundary conditions on premixed swirling flame stabilization[END_REF]. A schematic view of the setup is available in Fig. 6. The combustion chamber height H is 250 mm with a square cross-section 92 mm x 92 mm. It encloses of a swirled premixed flame, where the fuel is a mixture of H 2 and CH 4 (60% and 40% in volume, respectively). The equivalence ratio is 0.7, the swirl number is set to 0.4 and the fresh gases temperature is 293 K. The corresponding thermal power of the flame is 4 kW. The numerical setup and modeling of the reactive flow, described in the next section, has previously been validated [START_REF] Mercier | Experimental and numerical investigation of the influence of thermal boundary conditions on premixed swirling flame stabilization[END_REF] against measurements of velocity profiles, OH * chemiluminescence and OH-PLIF. Wall temperature measurements de-termined by Laser Induced Phosphorescence which were then prescribed as boundary conditions in the simulation are the target data to be predicted by a multiphysics approach. Such data are available for one of the four combustor's quartz windows in a 51 mm x 58 mm zone.

Numerical solvers

The multi-physics simulation is carried out by coupling separate solvers that describe the turbulent reactive flow, radiative heat transfer and wall heat transfer. The three solvers are detailed below.

Turbulent reactive flow

The employed setup for large-eddy simulation of reactive flows is identical to [START_REF] Mercier | Experimental and numerical investigation of the influence of thermal boundary conditions on premixed swirling flame stabilization[END_REF]: the solver, the mesh and the models' parameters are the same. In particular, the swirler is not included in the computational domain of the considered reactive simulations and the inlet profiles have been prescribed from another LES of the full non-reactive case. The YALES2 LES solver [START_REF] Moureau | Design of a massively parallel cfd code for complex geometries[END_REF][START_REF] Malandain | Optimization of the deflated conjugate gradient algorithm for the solving of elliptic equations on massively parallel machines[END_REF] is based on a low Mach-number assumption and uses finite-volume formalism with fourth order time integration and space discretization schemes. The pressure Poisson equation is solved using a deflated conjugate gradient method [START_REF] Malandain | Optimization of the deflated conjugate gradient algorithm for the solving of elliptic equations on massively parallel machines[END_REF]. The subgrid Reynolds stresses are modelled with the SIGMA model [START_REF] Nicoud | Using singular values to build a subgrid-scale model for large eddy simulations[END_REF], an extension of the wall adapting local eddy viscosity (WALE) model [START_REF] Nicoud | Subgrid-scale stress modelling based on the square of the velocity gradient tensor[END_REF]. In particular, both SIGMA and WALE models keep the proper near-wall cubic behavior of the streamwise velocity in wall-resolved simulations of turbulent boundary layers. Outside of the flame region, the unresolved scalar turbulent fluxes are determined with constant turbulent Schmidt and Prandtl numbers.

The chemistry and turbulent combustion are described with the tabulated chemistry model F-TACLES [START_REF] Fiorina | A filtered tabulated chemistry model for les of premixed combustion[END_REF][START_REF] Auzillon | A filtered tabulated chemistry model for les of stratified flames[END_REF] and Charlette et al. [START_REF] Charlette | A power-law flame wrinkling model for les of premixed turbulent combustion, part i: non-dynamic formulation[END_REF] subgrid-scale flame wrinkling model. For the considered configuration which features heat losses, the effect of enthalpy variations on the combustion model is accounted for with a non-adiabatic extension [START_REF] Mercier | Les modeling of the impact of heat losses and differential diffusion on turbulent stratified flame propagation: Application to the tu darmstadt stratified flame[END_REF][START_REF] Fiorina | Challenging modeling strategies for les of nonadiabatic turbulent stratified combustion[END_REF] of the F-TACLES model. For perfectly-premixed conditions as in the present case, the different physical variables are only tabulated as a function of a progress variable Y c and a heat losses correction coefficient [START_REF] Mercier | Les modeling of the impact of heat losses and differential diffusion on turbulent stratified flame propagation: Application to the tu darmstadt stratified flame[END_REF].

A first stand-alone LES was conducted using wall laws to account for unresolved boundary layers. It showed a maximal value of cell size in wall units y + ≈ 1.5 (similar in terms of x + and z + ). The grid is then fine enough for the investigated case and, combined with the SIGMA subgrid-model, it allows a wall-resolved LES approach.

Gases radiation

The burnt gases thermal radiation is accounted for by solving the radiative transfer equation without taking into account subgrid turbulence-radiation interaction. The spectral radiative emission and absorption are therefore computed from the LES filtered fields of temperature and composition in the radiative transfer equation. This is done with a Monte-Carlo method implemented in the RAINIER solver, an in-house parallel code of the EM2C laboratory. Such methods are deemed the most accurate after deterministic ray tracing. They can account for complex geometries and spectral properties. Here, a cK method based on accurate parameters directly obtained from a high-resolution database [START_REF] Taine | Gas ir radiative properties: From spectroscopic data to approximate models[END_REF] enables a detailed description of radiative properties of CO 2 and H 2 O. In order to afford coupling such Monte-Carlo methods with LES, several features must be met: parallel scalability, local accuracy control and fast convergence. The RAINIER code uses an Optimized Emission-based Reciprocity Monte-Carlo method (OERM) [START_REF] Zhang | Optimized emission-based reciprocity monte carlo method to speed up computation in complex systems[END_REF]. Scalability is strongly enhanced by treating each mesh point independently from the others with a local monitoring of the statistical error. Such a property is inherited by the ERM (Emission-based Reciprocity Monte-Carlo) approach [START_REF] Tesse | Radiative transfer in real gases using reciprocal and forward Monte Carlo methods and a correlated-k approach[END_REF]. ERM is however penalized by a slow statistical convergence in cold absorbing regions. This limitation is overcome by OERM using a frequency distribution function based on the emission distribution at the maximum temperature encountered in the system. Thanks to the RAINIER solver, studies of accurate radiative energy transfer in DNS or LES have become affordable recently [START_REF] Zhang | Physical study of radiation effects on the boundary layer structure in a turbulent channel flow[END_REF][START_REF] Zhang | A wall model for les accounting for radiation effects[END_REF][START_REF] Vicquelin | Effects of radiation in turbulent channel flow: analysis of coupled direct numerical simulations[END_REF]. In the present study, the local control of the Monte-Carlo convergence is set such that the results' standard deviation is either below 10% or, for points with small radiative contributions, below 3% of the maximum radiative power value. Additionally, fixing an upper threshold for the total number of rays per points allows not to spend computational efforts in irrelevant points such as those with negligible contribution to the radiative energy transfer. After carrying out several standalone radiation computations to determine this threshold, a maximum number of 4,000 rays per point was determined to allow matching of the convergence criteria for 99.9% of the points.

Wall heat transfer solver

Conjugate heat transfer is taken into account by solving the heat conduction within the solid parts of the combustion chamber. Only the four quartz windows that constitute the chamber walls are discretized. The temperature of the bottom wall that corresponds to the swirled injection exit plane is fixed in the reactive flow simulation from thermocouple measurements: the bottom plane temperature is taken as a linear profile, function of the radial distance from the chamber centerline, which varies from 450 K at the center to 550 K at the combustor corners. The physical properties of the quartz (type GE-124) are taken as c p s = 954 J/kg/K, ρ s = 2200 kg/m 3 and λ s = 1.52 W/m/K. The windows dimensions are: 250 mm (height) x 92 mm (width) x 12 mm (thickness).

As explained in section 2.2 about the accelerated coupling procedure, two heat transfer fields are considered: the first one from the unsteady heat equation, the second one from the steady heat equation. Both are actually solved by two instances of the YALES2 library and hence share the same data structure and discretization schemes as the flow solver: The unsteady heat transfer solver is then a finite volume solver using fourth-order schemes for space discretization and explicit time integration; Regarding the steady heat transfer solver, the linear system obtained by fourth-order spatial discretization of the steady heat equation is solved with the same parallel algorithm [START_REF] Malandain | Optimization of the deflated conjugate gradient algorithm for the solving of elliptic equations on massively parallel machines[END_REF] as for the pressure Poisson equation.

Boundary conditions for quartz walls are provided on the internal side coupled with the reactive flow solver following the coupling procedure (see next section) and on the external side in contact with ambient air at the temperature T ext = 293 K.

The contribution from the external free convection boundary layer being rather moderate, one must not forget the radiative flux on the external side. Given the hot wall temperature, the radiative heat flux cannot be linearized. The expression of the external wall heat flux φ ext bnd provides then a mixed boundary condition accounting for both free convection and radiative transfer,

φ ext bnd = h ext (T bnd -T ext ) + bnd σ(T 4 bnd -T 4 ext ) (10) 
where natural convection is described by the heat transfer coefficient h ext (z), bnd is the wall emissivity, and σ is the Stefan-Boltzmann constant. Quartz material is a semi-transparent medium that is transparent in the visible spectrum and becomes opaque in the infrared. Very detailed simulations should account for the corresponding spectral dependency of the quartz absorption coefficient. However, such data is not well known since the optical properties of quartz walls depends on the type of quartz, the manufacturing process and the temperature. For practical computations, a total hemispherical emissivity is usually considered instead. This is the approach chosen in the present study. A value of 0.75 is chosen for the wall emissivity that is relevant for a 2-cm-wide high-temperature window [START_REF] Gardon | The emissivity of transparent materials[END_REF]. Given the laminar regime of the external free-convection boundary layer, h ext (z) is given by the Nusselt number expressed as Nu(z) = 0.39 Ra 1/4 with the Rayleigh number Ra. Accounting for the 2-cm-wide plate below the quartz windows, an origin z 0 = 2 cm is introduced such that

h ext (z) = Nu(z -z 0 )λ air z -z 0 . (11) 
Air properties used to compute λ air and the Rayleigh number are taken at a film temperature T m = 0.5(T ext + T bnd ). The sensitivity to the value of h ext (z) determined by Eq. 11 is studied in a simple manner by considering a 1D 12-mmthick quartz layer with an imposed heat flux on the inner side (φ 0 = 3.5 kW/m 2 ). The chosen value of φ 0 corresponds to the level of the wall conductive heat flux in the region investigated experimentally (see Fig. 13). The outer boundary condition used is the one prescribed by Eq. 11 for different values of the convective heat coefficient h ext . As it can be seen in Fig. 7, modifying h ext by 10% only causes a 1% variation in the inner wall temperature. Hence, the influence of the external convective heat coefficient on the wall temperature is small. For the linear steady heat transfer solver, the resolution must be adapted to the non-linear boundary condition in Eq. 10. An outer iterative method (Fig. 8) with a fixed point algorithm is used on the external boundary temperature field. Within each outer iteration, the linear steady solver is applied to the linearized system where the radiative component is written as T 4 bnd ≈ T bnd • (T est bnd ) 3 to provide a new value for T bnd . T est bnd is an estimation of the converged value of the external wall temperature which is updated after each iteration. This is repeated until the convergence is reached for the external boundary temperature field, which corresponds to the solution of the original non-linear heat transfer problem. Considering the solution converged when the variations between outer iterations are less than 5% yields an average number of five outer iterations in the studied case. 
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Coupling procedure

Multi-physics simulations are carried out by coupling the aforementioned solvers. All exchanged data between solvers are communicated with the coupling library OpenPALM [START_REF] Buis | Palm: a computational framework for assembling high-performance computing applications[END_REF] developed specifically for massively parallel coupled simulations. The coupling between the reactive LES and wall heat transfer solvers, which enables simulations of conjugate heat transfer, is carried out with the accelerated HCND coupling method detailed in Sec. 2. The method computes accurately steady state fields without perturbing the unsteady contributions whose accuracy is controlled with a self-adaptive coupling period.

Accounting for radiative energy transfer introduces another coupling with the large-eddy simulation solver. The radiative energy transfer due to burnt gases and the combustor walls (internal side) is accounted for by coupling the Monte-Carlo solver to the reactive flow solver. The flow solver sends the gaseous mixture composition, the gaseous temperature field and the wall temperature field (obtained from the heat transfer solver) to the radiative transfer solver. The Monte-Carlo solver then returns the volume radiative power which is used as a local source term in the gaseous enthalpy equation, and the wall radiative flux Φ rad,bnd which is added to the heat flux Φ f,bnd whose contributions are sent to the boundary temperature solver and the steady heat transfer solver. The communication scheme between solvers is presented in Fig. 9. To be affordable with the available computational Fig. 9 Communication scheme of exchanged data for the coupling between the radiative transfer solver, the reactive flow solver and the wall heat transfer solvers ressources, the radiative transfer equation is solved on a coarser mesh compared to the flow solver (see Tab. 2). The interpolation between meshes is handled by the OpenPalm coupling library. A dynamic coupling adaptation as not been derived yet for multi-physics simulations with radiation. The reactive flow and radiative transfer codes are then coupled with a fixed coupling time step, ∆t cpl (F, R), related to the flow-wall coupling time ∆t cpl (F, S) such that ∆t cpl (F, R) = 25∆t cpl (F, S). The period has been chosen to make affordable the coupled simulations with the considered coarser mesh.

4 Results for the studied confined premixed swirling flame and discussion

Presentation of CASE-FW and CASE-FWR

Results are presented for two coupled simulations: The first one considers coupled effects between the reactive flow and the walls heat transfer (denoted as CASE-FW), while the second additionally accounts for radiation (denoted as CASE-FWR). Let us outline once again that the numerical (discretization scheme and mesh) and modeling (subgrid and combustion model) setup of the LES solver is identical to the one in [START_REF] Mercier | Experimental and numerical investigation of the influence of thermal boundary conditions on premixed swirling flame stabilization[END_REF]. In this previous study, the measured wall temperature was prescribed in the simulation and the modeling setup was shown to retrieve the impact of heat losses on the studied turbulent flame. The objective of the present study, highlighted in Sec. 1, is to estimate the wall heat losses without prior experimental knowledge, which translates into predicting accurately the wall temperature fields.

As shown later, the predicted wall temperature field is close to the experimental one, which was previously imposed in the stand-alone LES study in [START_REF] Mercier | Experimental and numerical investigation of the influence of thermal boundary conditions on premixed swirling flame stabilization[END_REF]. The predicted fields characterizing the reactive gaseous flow inside the chamber (flame shape, velocity profiles) are accordingly observed to be very similar between the present coupled results and the previous uncoupled ones. The velocity profiles are for example shown in Fig. 10. The agreement with experimental data is good. An asymmetry for both numerical profiles is noticed at the height of 25 mm which can be attributed either to experimental uncertainties or remaining modeling errors of the turbulent reactive flow. The overlapping of both numerical sets of velocity profiles indicates that, for the investigated configuration, it is adequate to impose the measured wall temperature in a stand-alone reactive LES to assess models that account for effects of heat losses on the flame. The next comparison with experimental measurements focuses on wall temperature which is essential to predict from coupled multiphysics simulations. The different mesh size and number of cores for each solver in both simulations are given in Tab. 2. For both coupled cases, one core is used for the coupling code OpenPalm. The total number of cores is then 1,056 for CASE-FW and 1,296 for CASE-FWR. Accounting for the communications latency and exchanges, and for the interpolation of data between different meshes when accounting for radiation, CASE-FW is approximatively 15% more expensive computationally than the stand-alone uncoupled LES for the same computed physical time, while CASE-FWR is 8.5 times more expensive than CASE-FW. The simulation of CASE-FWR has been initiated with the final solution of CASE-FW. On the other hand, CASE-FW has been initiated from an instantaneous solution field from the statistically converged LES from Ref. [START_REF] Mercier | Experimental and numerical investigation of the influence of thermal boundary conditions on premixed swirling flame stabilization[END_REF]. In terms of characteristic time scale of the combustor τ = H/U = 18 ms (where U is the bulk velocity in the injector), the sampling used for statistics computation is 10 τ in CASE-FW and 0.6 τ in CASE-FWR. The sampling procedure begins after 4 flowthrough times τ for CASE-FW and 4.5 τ for CASE-FWR from their respective initial solutions. Because of the computational cost of CASE-FWR, its sampling duration is quite limited but it has been preferred to significantly decrease the time correlation between CASE-FW and CASE-FWR by simulating 4.5 τ of physical time before the sampling procedure. For CASE-FW, the total computational cost of the simulation is 350 thousand hours on a supercomputing cluster equipped with Intel E5-2690 processors, while for CASE-FWR the cost is of approximatively 1 million hours.

An example of the self-adaptive coupling time step computed in CASE-FW is presented in Fig. 11. The chosen error tolerance for the numerical integration is taken as η = 5%. The obtained coupling time step has a mean value of approximatively 9 times the flow solver time step. This value is one order of magnitude below the stability limit of the coupling algorithm between the flow solver and the heat transfer solver. The advantage of the self-adaptive coupling time step enables not to a priori fix this parameter. A similar methodology for the coupling with thermal radiation remains to be developed. 0.00 0.02 0.04 0.06 0.08 
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Wall temperature predictions

The computed reactive flow is shown in Fig. 12. It is similar for both studied cases. The mean velocity field shows that the swirled injected flow generates a central recirculation zone as well as external ones. The zone A is located at the bottom of the chamber while the second external recirculation zone (B) is much longer. The extent of recirculation B is roughly three fourth of the chamber height. A large volume of cooled burnt gases recirculates then towards the flame which is compact compared to the chamber's size. The progress variable reaction rate reveals that the dilution of the flame with such cold burnt gases damps the reaction zone in the swirled-flow outer shear layer. This effect can be accounted for thanks to the employed combustion model. Close to the combustor centerline, the burnt gases temperature is close to the adiabatic one just downstream the turbulent flame. Then, the hotter gases emit radiative energy (when radiation is considered) and mixes with the recirculating colder gases. The large recirculating zone B prevents the direct contact of the hottest gases with the wall. The resulting wall temperature and conductive flux is shown in Fig. 13. The wall temperature and heat flux peak in the upper part of the recir-culation B. Below, as the burnt gases get colder, the wall temperature decreases correspondingly. Finally, in the lowest zone, burnt gases are the coldest. This is accentuated by the slow recirculation zone A characterized by a large residence time and by the increased external heat transfer coefficient (Eq. 11) close to the chamber basis.

Laser Induced Phosphorescence (LIP) measurements of temperature (in the dotted white zone in Fig. 13) from [START_REF] Mercier | Experimental and numerical investigation of the influence of thermal boundary conditions on premixed swirling flame stabilization[END_REF] are compared to the computed fields in Fig. 14. Such LIP measurements are less invasive than arrays of thermocouples and are characterized by a 1% accuracy [START_REF] Brübach | On surface temperature measurements with thermographic phosphors: A review[END_REF]. Without accounting for radiation, CASE-FW (middle figure) already provides a good agreement with the experimental values with a maximal local error of approximatively 10%. This level of agreement seems to indicate that the radiation is not strongly significant in this configuration of moderate size in atmospheric pressure conditions. A finer analysis in Sec. 4.3 will come to counter such a conclusion. The similar shape of iso-lines shows that the simulated reactive flow provided by the numerical and modeling approach described in Ref. [START_REF] Mercier | Experimental and numerical investigation of the influence of thermal boundary conditions on premixed swirling flame stabilization[END_REF] is well described with its characteristics: recirculation zones and swirling motion. When radiation from burnt gases and quartz walls is taken into account, CASE-FWR (bottom of Fig. 14) shows numerical predictions which are noticeably improved with a maximal local error of about 3%. The previous underestimation of the wall temperature is then due to the neglected radiative effects. The observed level of agreement is truly impressive and has been achieved thanks to the derived high-fidelity multiphysics framework. z ∈ [START_REF] Coelho | Numerical simulation of the interaction between turbulence and radiation in reactive flows[END_REF]64], lengths in mm. Top: experimentally measured temperature values [START_REF] Mercier | Experimental and numerical investigation of the influence of thermal boundary conditions on premixed swirling flame stabilization[END_REF]. Middle: numerically computed wall temperature for CASE-FW. Bottom: numerically computed wall temperature for CASE-FWR.

Analysis of radiative effects

Snapshots of a temperature field and the corresponding radiative power are presented in Fig. 15. The local radiative power is written as: P rad = P rad a -P rad e where P rad a and P rad e are the absorbed and emitted radiative power, respectively. The middle subfigure only shows the emitted radiative power (-P rad e is plotted) which is showed to be larger in magnitude than the actual one (bottom figure) accounting for both emission and absorption. This difference outlines that an optically thin assumption that would neglect absorption phenomena for all the spectrum wavelength is wrong in the present case and that the detailed radiative transfer equation must be solved.

The difference of mean gaseous temperature for cases CASE-FW and CASE-FWR is shown in the center plane in Fig. 16. The temperature maximum remains the same because the sudden temperature increase through the flame front is only marginally impacted by radiation. In the rest of the chamber, the radiative energy transfer homogenizes the temperature differences as also noticed in multi-physics simulations of a helicopter chamber [START_REF] Berger | On the sensitivity of a helicopter combustor wall temperature to convective and radiative thermal loads[END_REF]. Downstream the flame, hot burnt gases are seen to be colder when radiation is taken into account. This is outlined by the noticeable difference for the T = 1400 K iso-line. On the other hand, the cold burnt gases at the bottom of the chamber are hotter for CASE-FWR because of the radiation absorbed by the walls which yields a higher wall temperature (seen previously in Fig. 14). The T = 1400 K iso-line which is more irregular in CASE-FWR compared to CASE-FW outlines that CASE-FWR is not as well statistically converged as CASE-FW. This is also noticeable in the wall conductive flux shown in Fig. 17. Getting smoother converged fields would have required an additional 1 or 2 million cpu hours consumption which could not be afforded.

The resulting wall radiative and conductive flux for CASE-FWR are presented in Fig. 17. The wall radiative flux is seen to be of the same order of magnitude as the wall conductive flux, also seen in [START_REF] Berger | On the sensitivity of a helicopter combustor wall temperature to convective and radiative thermal loads[END_REF]. The ratio of wall-integrated (quartz walls only) conductive flux and total flux, w φ cond,bnd dS w (φ cond,bnd dS + w φ rad,bnd )dS

, ( 12 
)
leads to a global value of 0.53. Estimating correctly the heat losses to the walls then requires to describe the radiative energy transfer. This conclusion seems contradictory to the relatively fair results obtained by CASE-FW to predict the wall temperature.

Let us explain this: Thermal radiation is an additional energy transfer mechanism that attenuate temperature differences between gas cells and also between the gas temperature and the wall temperature. Hence, when radiation is included, it is expected that the walls become hotter (see Fig. 14) while the burnt gases become cooler (see Fig. 16). After the thermal transient, the reduced temperature difference between the burnt gases and the walls induce a reduced wall conductive flux. Indeed, comparing the wall conductive flux for case FW (Fig. 13 right) and FWR (Fig. 17 bottom) shows that the wall flux is roughly halved when considering radiation. In case FWR, the reduced wall conductive flux is compensated by an additional contribution from the wall radiative flux. This feed-back loop of radiative transfer on the wall conductive flux explains why the total wall fluxes in the case FWR is not simply the conductive flux from the case FW with an additional contribution due to the radiation.

What remains surprising is the fact that the compensation from this feed-back loop lead roughly to the same wall temperature although the nature of the wall fluxes in the case FWR is so different. This is because, in the studied configuration, the CASE-FW conductive heat flux, which is overestimated compared to reality, surprisingly roughly accounts for the total wall heat flux (radiative and conductive) in case FWR. This effect is clearly seen in the global energy budget of the combustor, expressed as a macroscopic balance of sensible enthalpy: The different terms are the outlet convective flux (I), the value of inlet convective flux (II), the integrated wall conductive (III) and radiative (IV when considered) fluxes, and the opposite of the integrated heat release rate (V). Integrated wall fluxes account for the quartz windows and the bottom plane of the combustor whose temperature has been fixed. The budgets for cases FW and FWR are presented in Fig. 18. The comparison shows that the volume integrated heat release rate is effectively equal to 4 kW which is the burner theoretical power, showing that in both simulations the total amount of fuel is burnt. For CASE-FW around 35 % of the produced thermal energy is lost through wall heat flux by conduction only, while for CASE-FWR it is nearly 50 % for the sum of radiative and conductive contributions. For both cases, a substantial portion is then lost.
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Fig. 18 Energy budget of the combustor for both CASE-FW (left) and CASE-FWR (right). Plotted variables are the inlet sensible enthalpy flow rate (II: gray), outlet sensible enthalpy flow rate (I: blue), conductive wall heat flux (III: black), volume-integrated heat release rate (V: green) and wall radiative flux (IV: red).

Wall fluctuations

The detailed unsteady multiphysics simulation enables to study the temporal variations in temperature and heat fluxes at the walls. The access to this unsteady thermal load on the combustor walls is necessary to later assess the thermal fatigue.

Figure 19 shows root-mean-square fields in the experimentally studied window for CASE-FW and CASE-FWR. In CASE-FW, the fluctuations in wall temperature and wall conductive flux present a similar pattern, highlighting the correlation between both quantities as also deduced from Eq. 6. The level of relative variation in the considered zone is approximatively 20% for the wall conductive flux and a little less than 1% for the wall temperature.

In CASE-FWR, the observed maximum value of wall temperature RMS is reduced but the field is more homogeneous, yielding a similar average level of relative variations (≈ 1%). Similarly, with a roughly similar level of variations (≈ 20%), the RMS in wall conductive flux is larger in CASE-FWR because of the increased steady wall conductive flux in the observed zone. Finally, the amplitude of variations in wall radiative flux is around 8%. Compared to CASE-FW, no RM S rad,bnd T RM S clear correlation appears between the RMS in wall temperature and either of the wall fluxes. Further analysis will deal with frequency-domain correlation studies to better understand the relationship between these quantities.

CASE-FWR CASE-FW

RM S cond,bnd

Conclusion

This study presents a state-of-the-art multiphysics simulation framework combining i) large-eddy simulation, ii) an efficient Monte-Carlo solver with detailed radiative properties and controlled accuracy, and iii) a self-adaptive coupling procedure for conjugate heat transfer to compute accurately steady and unsteady components of the solid domain temperature. The latter coupling approach derives from the Hybrid-Cell Neumann-Dirichlet method that allows an automatic determination of the coupling time step to adapt the temporal resolution to the studied configuration. The method has been first enhanced to determine permanent regime statistics with an acceleration method to artificially accelerate the transient slow heat conduction in the solid without impacting the studied fluctuations of wall temperature and heat flux. The resulting high-fidelity coupled simulation is applied to a confined premixed swirling flame under atmospheric pressure to predict the wall temperature measured experimentally by Laser Induced Phosphorescence. While always considering conjugate heat transfer, the coupled simulation is carried out with or without accounting for radiative energy transfer. Results yield a satisfactory agreement (≈ 10%) without radiation which drops below 3% when detailed radiation is taken into account. Analysis of these results shows that radiation strongly modifies the balance of the macroscopic energy budget in the combustor. Hence, concluding from the case without radiation that the wall conductive heat flux is dominant over the radiative one is solid wrong. The unsteadiness of wall temperature and heat fluxes is finally compared between both simulations, showing similarities and differences which shall need further analysis for a better understanding.

The combined experimental and numerical characterization of combustion and heat transfer as carried out by [START_REF] Guiberti | Analysis of topology transitions of swirl flames interacting with the combustor side wall[END_REF][START_REF] Guiberti | Impact of heat loss and hydrogen enrichment on the shape of confined swirling flames[END_REF] in a confined turbulent flame is recent and similar future studies are necessary to further assess the accuracy of multi-physics simulations. A more complete validation will benefit for example from the measure of wall temperature on both sides along with the exhaust gases temperature. This would provide additional data in terms of wall total heat fluxes and the global amount of heat losses. Similarly, additional experimental data on unsteadiness at combustors' walls are necessary to validate the estimated RMS fields.

Besides achieving accurate predictions, one of the objective of such high-fidelity simulations is their comparison with simpler approaches and low-order models. Because of their large computational cost, they are not affordable in a design optimization loop for example. The obtained reference results on a couple of operating conditions and/or different geometries can be used to either calibrate other models or identify the origin of their lack of accuracy and possibly remedy it. Nonetheless, the proposed kind of computationally intensive coupled simulations still relies on models and methods that introduce some errors and uncertainties in the results. It is therefore still necessary to assess and improve these models and methods. For example, the implications of the coupling period and of the use of a coarser mesh for the radiative transfer solver must be characterized in future studies. Another aspect moderating the accuracy of the presented approach is the neglect of the effects of subgrid fluctuations in the resolved radiative transfer equation. Such effects combined with the lower spatial and temporal resolution will have to be quantified. Laboratory experimental setups being equipped with windows for optical access, the impact of the semitransparent property of such boundaries on the global heat transfer balance will have to be accounted for as well.

Fig. 1

 1 Fig. 1 One hybrid cell of volume V hyb (in grey) is the union of fluid and solid cells of volume V f and Vs located on each side of the interface.

Fig. 2

 2 Fig.2One-dimensional test case configuration. The length L f of the fluid part is 1 mm while the length Ls of the solid part is 1 mm. Reproduced from[START_REF] Koren | Self-adaptive coupling frequency for unsteady coupled conjugate heat transfer simulations[END_REF], copyright c 2017 Elsevier Masson SAS, all rights reserved.

Fig. 3

 3 Fig. 3 Temporal evolution of the boundary temperature for fext = 100 Hz. Reproduced from [27], copyright c 2017 Elsevier Masson SAS, all rights reserved.

Fig. 4

 4 Fig. 4 Temporal evolution of the mean component of the boundary temperature. Circles: Non-accelerated reference case. Red solid line: Neumann-Dirichlet coupling approach with a desynchronization factor α = 10. Blue dashed line: Neumann-Dirichlet coupling approach with a desynchronization factor α = 100. Black solid line: The HCND coupling approach with the derived acceleration method based on the superposition of mean and fluctuating states. Case conditions: fext = 100 Hz and prescribed tolerance η = 5% for the HCND approach.

Fig. 5

 5 Fig. 5 Temporal evolution of the unsteady component of the boundary temperature. (a) t•fext between 0 and 6. (b) Zoom in the permanent regime for t • fext between 7 and 12. Same line and symbol conventions as in Fig. 4.

Fig. 6

 6 Fig.6Schematic view of the studied burner[START_REF] Guiberti | Analysis of topology transitions of swirl flames interacting with the combustor side wall[END_REF][START_REF] Guiberti | Impact of heat loss and hydrogen enrichment on the shape of confined swirling flames[END_REF][START_REF] Mercier | Experimental and numerical investigation of the influence of thermal boundary conditions on premixed swirling flame stabilization[END_REF].

Chapter 7 -Figure 7 . 17 :

 7717 Figure 7.17: Surface plot of the inner wall temperature T bnd response to a modification of the outer boundary convective coefficient h ext . T ext is set to 293K and the radiation is taken into account with ✏ = 0.75 for the quartz wall.

Figure 7 . 18 :

 718 Figure 7.18: Mean mole fractions of the gaseous CO 2 (left) and water vapor (right) inside the studied burner.

Fig. 7

 7 Fig.7Result of the 1D parametric study to quantify the sensitivity to the hext value: Surface plot of the resulting relative variation in the inner wall temperature T bnd as a function to a reference value h ext,0 and its relative variation.

Fig. 8

 8 Fig. 8 Control loop for the fixed point algorithm used to solve the steady heat transfer equation when a radiative boundary condition is applied.

Fig. 10

 10 Fig.10Radial profiles of mean longitudinal velocity at different heights (left: 5 mm, middle: 10 mm, right: 25 mm) in the combustor. Symbols: Experimental data[START_REF] Mercier | Experimental and numerical investigation of the influence of thermal boundary conditions on premixed swirling flame stabilization[END_REF]. Solid blue line: Numerical results from[START_REF] Mercier | Experimental and numerical investigation of the influence of thermal boundary conditions on premixed swirling flame stabilization[END_REF] for the stand-alone LES with imposed wall temperature. Dashed red line: Numerical results of the coupled simulation CASE-FWR.

Fig. 11

 11 Fig.11Temporal evolution of the self-adaptive coupling time step scaled by the flow solver diffusive time step, for flow-wall coupling (CASE-FW), with time origin taken at the begining of the run. Error tolerance is set to η = 5% for the HCND control algorithm.

Fig. 12

 12 Fig.12Visualization of fields on the center plane for CASE-FWR. Left: Mean longitudinal velocity with the recirculation zones highlighted by the white iso-contour Ux = 0. Right: Instantaneous progress variable reaction rate (left half-domain, from zero in black and its maximum value in yellow) and temperature (right half-domain)

Fig. 13

 13 Fig. 13 Left: Quartz mean wall temperature predicted in CASE-FW. The dotted white rectangle represents the zone of LIP measurements. Right: Corresponding mean wall conductive flux

Fig. 14

 14 Fig. 14 Wall temperature (in Kelvin) over the measurements zone: y ∈ [-24.5, 26.5], z ∈ [6, 64], lengths in mm. Top: experimentally measured temperature values [33]. Middle: numerically computed wall temperature for CASE-FW. Bottom: numerically computed wall temperature for CASE-FWR.

Fig. 15

 15 Fig. 15 Top: Instantaneous temperature field on the center plane. Middle: Radiative power -P rad e (emission only). Bottom: Radiative power P rad = P rad a -P rad e with emission and absorption accounted for.

Fig. 16

 16 Fig.16Mean temperature on center plane for CASE-FWR (top) and CASE-FW (bottom). Iso-lines are given for T=1800 K (black solid line), T=1600 K (gray solid line) and T=1400 K (brown solid line).

Fig. 17

 17 Fig. 17 Wall radiative (top) and conductive (bottom) heat flux for CASE-FWR.

Fig. 19

 19 Fig. 19 RMS of wall temperature [K] (top), wall conductive heat flux [W/m 2 ] (middle) and wall radiative flux [W/m 2 ] (bottom) for cases CASE-FW (left column) and CASE-FWR (right column).

Table 1

 1 Properties of both mediums considered in 1D test cases: Thermal conductivity, density, thermal capacity at constant pressure

		Inconel steel		Burnt gases
	λs ρs	11.70 W/m/K 8510.0 kg/m 3	λ f ρ f	0.4496 W/m/K 1.154 kg/m 3
	cp,s	439.0 J/kg/K	c p,f	1738 J/kg/K

Table 2

 2 Mesh size (in millions of cells) and number of cores used by each code for both the flow-wall coupled case and the flow-wall-radiation coupled case.

		CASE-FW	CASE-FWR
		Mesh size #CPUs Mesh size #CPUs
	Reactive LES	49M	960	49M	256
	Wall heat transfer	41M	95	41M	48
	Radiation	-	-	8M	991
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