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Numerical simulation in fluid mechanics and multiphysics for aerospace applications

1) Introduction

The important progress of Computational Fluid Dynamics (CFD) during the last fifty years has led to drastic reductions in ground-based and in-flight testing activities and strongly modified the aerospace design process by enabling improved designs of aerospace products at reduced cost and risk. However, aerospace industry is facing today very important challenges in noise, energy consumption, emissions of pollutants and related climate impact, which will not be addressed simply by evolutionary configurations relying on incremental improvements. The flight shaming movement and now the coronavirus crisis reinforce the need to think about truly revolutionary concepts (end of the classical tube-and-wing configuration? hydrogen-powered aircraft?…). Major advances in CFD and in CFD-based multidisciplinary analysis and optimization will be mandatory for coping with the complex future.

The development of CFD has been characterized over the years by a continual drive to higher fidelity from potential equation to Euler equations, then to Reynolds-Averaged Navier-Stokes equations (RANS, or URANS if the mean flow is unsteady). The improvement in CFD predictions of critical flow phenomena which is essential for novel designs requires continuing this drive toward scale-resolving simulations relying on DES (Detached Eddy Simulation) or LES (Large Eddy Simulation) methods.

Due to the cost and to the complexity of high fidelity multiphysics simulations, moderate levels of fidelity are most often considered still today in multiphysics simulations based on fluid mechanics. One important challenge is to improve the ability to couple high fidelity CFD with high fidelity descriptions of other disciplines in computational physics (structures, conjugate heat transfer, acoustics, electromagnetic discipline…). Due to the high computational cost of future CFD models, CFD will continue to play a driving role in multiphysics simulations.

At ONERA, the strategic software tools, elsA 1,2 for aerodynamics and aeroelasticity, CEDRE [START_REF] Refloch | CEDRE software[END_REF] for aerothermodynamics and combustion, capitalize on expertise in simulation and physical modeling validated by a multi-level experimental potential. Section 2 shows recent progress on these tools in terms of physical modelling, numerical methods, multiphysics simulations and performances. Section 3 describes ONERA strategy in terms of multiphysics simulation platform with the objective of benefiting from a strong synergy between software dealing with various disciplines of physics.

2) Some recent progress in CFD at ONERA a. elsA software for aerodynamics and aeroelasticity

The elsA multi-application CFD simulation software 1,2 deals with internal and external aerodynamics from the low subsonic to the high supersonic flow regime and relies on finite volume methods for solving the compressible 3-D Navier-Stokes equations. The range of aerospace applications covered by elsA is very wide: aircraft, helicopters, tiltrotors, turbomachinery, wind turbines, missiles, unmanned aerial vehicles, launchers… From 2015 to 2020, the development and the validation of the elsA software have been driven by a close research and financial cooperation, as well as a common governance, between ONERA, Airbus and Safran, which are the co-owners of elsA. The following simulation examples illustrate recent progress in terms of hybrid structured/unstructured meshing, turbulence scale-resolving methods (ZDES), aeroelasticity and CPU performances.

Application of hybrid structured/unstructured meshing to multi-row film-cooled turbine blade

Complex geometrical configurations may be handled by multi-block structured grids using highly flexible techniques (such as patched grid and Chimera type overset capabilities). From that initial multi-block structured paradigm, elsA has evolved toward a quite complete multiple gridding paradigm including the use of unstructured grids in some (or all) blocks of the multi-block configuration, as well as adaptive Cartesian grids (either away from the walls or possibly associated with immersed boundary conditions on the walls). The present example (described in more details in Ref. 4) illustrates the hybrid structured/unstructured grid strategy for the CFD modeling of complex technological effects which can be encountered on industrial turbomachinery configurations. The main channel flow path is meshed with a classical structured approach, while non-structured grids enable to mesh the technological components, such as the cooling holes in the highly film-cooled turbine nozzle guide vane presented here (113 holes distributed along 10 rows). The computations reproduce a satisfactory agreement in terms of heat transfer distribution with the experimental results obtained at EPFL-LTT. 

Application of ZDES for jet noise of a UHBR nozzle

Reliable unsteady approaches are needed to simulate the turbulent mechanisms which generate noise. Due to the still very high CPU cost of LES approaches on industrial configurations in which you have to resolve the turbulence production mechanisms in all attached boundary layers (BL), hybrid RANS/LES methods are a very good compromise consisting in modeling the attached BL (or at least the internal part near the walls) and in resolving turbulence in free shear layers. In Ref. 5, the Zonal Detached Eddy Simulation (ZDES) approach available in elsA is used to simulate industrial configurations of jets (Ultra High Bypass Ratio engines) and evaluate the effect of the external BL thickness. Rather small differences have been observed on the aerodynamic properties of the jet when increasing the nacelle external BL thickness, as can been seen on the right side of the figure below. 

Aeroelasticity -advanced simulations of a centrifugal compressor in multistage full annulus configuration

The numerical modelization of the aeroelastic stability of bladed rows is commonly assessed for a single isolated bladed row. However the prediction can be improved by considering the interactions with adjacent blade rows. All the unsteady perturbations can be taken into account accurately when the full 360° annulus containing all blade passages are included in the multistage numerical model.

ONERA has performed [START_REF] Placzek | Assessment of single passage simulations for the aeroelastic stability of a multistage centrifugal compressor[END_REF] the analysis of the aeroelastic behavior of a centrifugal compressor (configuration provided by Safran Helicopter Engines) with a 360° modeling of all the blade passages and taking into account the multistage environment. The realization of these aeroelastic simulations using elsA has allowed the evaluation of the critical aerodynamic damping for a set of vibration modes of the compressor and the evaluation of the sensibility of this damping to the external temperature. elsA full 360° simulations [START_REF] Placzek | Assessment of single passage simulations for the aeroelastic stability of a multistage centrifugal compressor[END_REF] for the aeroelastic stability of a multistage centrifugal compressor: Unsteady pressure field in the compressor part (on the right) and rolling-up behind the blade head of streamlines impacting the splitter blade downstream (on the top left).

Performance improvement

Flow simulations in meshes including two billion points have been performed with elsA software in only 9 hours of CPU time, using 5456 processors of the in-house SATOR supercomputer 7 . These simulations 8 carried out in nine 360° annulus bladed rows take completely into account the geometrical complexity of the axial compressor configuration under consideration. The high level of performances is the result of an intensive CPU optimization work on the more recent multicore processors as well as an excellent strong scalability of the software. Furthermore, the whole simulation process (including pre-and post-treatment) is performed on distributed parallel architectures. The figure below shows (in the middle) the monotonic decay of the residuals and the good convergence of the simulation in the very fine mesh and (on the right) the result of the CPU optimization of the implicit (LU-SSOR) stage and the (weak) influence of the core number on the CPU efficiency. b. CEDRE software for aerothermodynamics and combustion CEDRE 3 is a multiphysics CFD software relying on finite volume methods in general unstructured meshes, for research studies as well as for industrial applications in the field of energetics and propulsion. The whole range of propulsive systems for aerospace (turbofans, ramjets, solid propellant engines, liquid fuel engines) can be found in the application domain of CEDRE. The software platform is organized as a set of (possibly coupled) solvers dealing with specific physics: reactive multi-fluid solver, dispersed phase solvers (Eulerian or Lagrangian), heat conduction, radiation… External couplings with physics which do not directly deal with energetics, such as mechanics, are done with the help of the in-house coupling library CWIPI [START_REF]CWIPI : Coupling With Interpolation Parallel Interface[END_REF] which allows very efficient massively parallel computations. The following simulation examples illustrate recent progress in terms of modeling for complex two-phase flows and of simulation capabilities for the prediction of launcher noise at lift-off.

Two-fluid diffuse interface model -Coaxial injector with air-assisted water atomization

As described in Ref. 10, three two-phase flow topologies are to be found in sub-critical condition downside an airassisted coaxial injector. At the injector exit, the two phases are separated by a smooth interface. Downstream, a polydisperse spray of droplets is carried by the gaseous phase. In between, ligaments are formed. This process which is called primary atomization is very complex, but also very important, since it plays a crucial part in the way the aeronautical and space engines work. In this context, ONERA has recently carried out (see Ref. 10 and 11) very innovative simulations of the primary atomization of a liquid jet by considering the rather complex Baer-Nunziato diffuse interface model, whereby two temperatures, two pressures and two velocities are solved. The comparison has shown good agreements in terms of liquid core length between the CEDRE results, DNS results with the ARCHER code from CORIA and experimental results from the LEGI test bench. CEDRE simulation [START_REF] Cordesse | Validation strategy of reduced-order two-fluid flow models on a hierarchy of direct numerical simulations[END_REF][START_REF] Cordesse | Contribution to the study of combustion instabilities in cryotechnic rocket engines: coupling diffuse interface models with kinetic-based moment methods for primary atomization simulations[END_REF] of the liquid jet atomization with a multifluid model ; comparison with experiment and DNS.

CFD-CAA coupling -Simulation of the noise from a supersonic jet configuration including a flame trench

The noise of a hot supersonic jet generated by the rocket engines at lift-off leads to important acoustic constraints on the launcher, its useful load and the surrounding structures. In this section, we present a simulation of the hot jet of a booster at Mach number 3.1, deflected in a flame trench on the launch pad. The objective of the flame trench design is to attenuate as much as possible the jet noise. The jet and the near acoustic field (CFD sub-domain) are computed by means of a LES simulation with CEDRE, whereas the farfield acoustic field (Computational Aeroacoustics -CAA -sub-domain) is computed by solving the Euler equations with the in-house SPACE software (based on high order Discontinuous Galerkin methods). The mesh entirely unstructured and mainly composed of tetrahedra includes 210 million cells (117 million in the Navier-Stokes region and 93 million in the Euler sub-domain corresponding to 1.79 billion degrees of freedom due to high order discretization). A surface strong coupling between the two codes relies on the CWIPI 9 coupling library. The two-way coupling process (see Ref. 12 or 13 for detailed description of the methodology) is necessary since the geometry induces complex secondary flows and feedbacks from acoustics towards CFD sub-domain. The flowfield (instantaneous density field) and the sound waves are presented on the figure below. The acoustic levels in the near and farfield regions are in good comparison with measurements done in MARTEL test bench in Poitiers, within an error margin of 1 to 2 dB on average [START_REF] Langenais | Adaptation des méthodes et outils aéroacoustiques pour les jets en interaction dans le cadre des lanceurs spatiaux[END_REF] .

CFD-CAA two-way coupling for noise simulation [START_REF] Langenais | Adaptation des méthodes et outils aéroacoustiques pour les jets en interaction dans le cadre des lanceurs spatiaux[END_REF] from a supersonic jet configuration including a flame trench.

3) Multiphysics simulation platform strategy

As presented in the previous section, strategic software tools as elsA and CEDRE already allow the realization of complex multiphysics simulations, relying either on capabilities available in the software packages (aeroelasticity in elsA, solvers devoted to various physics essential for energetics in CEDRE) or on coupling with external solvers. elsA and CEDRE software, originally developed separately, rely today on common software components such as the Cassiopee library [START_REF] Benoit | Cassiopee : A CFD pre-and post-processing tool[END_REF] for pre-treatment or post-treatment or the (previously mentioned) CWIPI library [START_REF]CWIPI : Coupling With Interpolation Parallel Interface[END_REF] for coupling.

As a synergy example, the aerodynamics team and the energetics team at ONERA work on the automatic generation of meshes for applied calculations of "industrial" type. The figure below is an illustration of this cooperative work on a landing gear aeroacoustics configuration (see Ref. 14 for details of this work). The mesh realized with the Cassiopee software tool combines two independently automatically generated grids: one consists in a background grid made of a hierarchy of locally refined octree grids while the other one is a prismatic boundary layer grid around the landing gear skin. Then a conformal polyhedral merging of the two grids is performed. The aerocoustics simulation combines a ZDES simulation for the computation of the acoustic sources with the CEDRE software developed by the research department of energetics and the Ffocs-Williams and Hawkings model (in-house KIM code) for the far-field noise computation.

Automatic generation of the mesh 14 around a landing gear using Cassiopee for aeroacoustic simulation using CEDRE.

The objective at ONERA is to enhance this synergy between CFD tools for aerodynamics and energetics by sharing not only peripheral software tools (for pre-treatment, post-treatment or coupling) but also software tools at the heart of the solver such as libraries for linear algebra or for thermodynamics. Both types of sharing are related to the developer point of view and the concern to rationalize developments by not coding twice similar software elements. The sharing of peripheral software tools is very important also from the user point of view.

Moreover, work on CFD software architectures is underway at ONERA to harmonize and share between CFD tools for aerodynamics and for energetics, as much as possible, technical choices at the cutting-edge of technology and able to cope with the high evolutivity and increased heterogeneity of computer platforms.

ORION multiphysics simulation platform

Besides, it is also necessary to extend the objective to develop more synergies and to share software engineering and software components to all the disciplines of physics of interest for the aerospace application field. In that spirit, ONERA has recently launched a project of multiphysics simulation platform (named ORION) with four main objectives. The first objective is to guarantee the long-term availability of the main ONERA scientific software. ONERA needs an in-house simulation capability for fulfilling its missions in an autonomous way. Relying on an in-house capability is crucial for understanding the main scientific issues and investigating new research fields, and thus to be able to fulfil the missions of supplying the government with high level technical analyses and of contributing to competitiveness of industry partners. High fidelity tools are mainly considered in ORION, but the platform will also include lower fidelity tools and must allow an easy switch from a level of fidelity to another. The second objective is to mutualize between the different disciplines of physics many software components of general interest. These components deal with coupling techniques, user interfaces, pre-and post-treatment, efficiency on HPC platforms, as well as with applied mathematics methods that may be associated with any partial differential equations, such as uncertainty management, error estimation, model reduction and data assimilation. In relation to that objective, a transverse applied mathematics laboratory named LMA2S (standing for "Laboratoire de Mathématiques Appliquées à l'Aéronautique et au Spatial") was created inside ONERA at the beginning of 2019. The third objective is to mutualize also software engineering techniques and to facilitate access to various software tools, including access by non-experts of the discipline. In particular, common practice in terms of configuration management, software documentation, test procedures, support tools… is highly desirable for ONERA scientific software. The last objective is to open a large multidisciplinary field through the access to interoperable software of a variety of disciplines, and thus to allow new research topics and ever more complex applications. This field includes CFD for aerodynamics and energetics as described previously, but also all other disciplines in computational physics (structures, conjugate heat transfer, electromagnetic discipline…). One important challenge is to improve the usability of CFD in broader contexts than the "simple" prediction of fluid flows of interest, including uncertainty quantification, optimization and multiphysics applications.

In this context, ONERA has signed a long-term partnership agreement with Safran which develops the simulation platform named MOSAIC with the objective of ensuring compatibility of CFD tools available at Safran (including multi-fidelity aspects and pre-and post-processing). Technical main choices of MOSAIC platform are in coherence with the software component technology developed at ONERA in the framework of a cooperative internal research project called NSCOPE (for Numerical Simulation Components in Open Python Environments). The technical choices rely on CGNS standard for data representation and Python language implementation for component interoperability, and on CWIPI [START_REF]CWIPI : Coupling With Interpolation Parallel Interface[END_REF] tool for software coupling. The partnership between Safran and ONERA is related to the development of shared elements between the MOSAIC and ORION simulation platforms. Grand Challenge problems are also defined at ONERA and used as drivers to identify critical research actions which have to be done and to provide with a continuous measurement of progress that will be made. Two first Grand Challenge problems have been defined: the nose-to-tail simulation of a hypersonic vehicle and the full simulation of a complete engine. In both problems, scale-resolving simulations of turbulence and accurate prediction of strong thermal effects are very important research topics. That global strategy aims to be able to confidently apply to novel configurations the multiphysics simulations necessary for the design of revolutionary products over the next ten years.
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  turbine blade configuration: Hybrid grid; Total temperature field on the blade and on a mid-span slice; Heat transfer distribution (from Figs 5, 7 and 11 of Ref. 4).
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  criterion isosurfaces and contours of vorticity (left) for the thinner (BL1) boundary layer -Streamwise velocity and static temperature fields (time-averaged) (right for the thinner (BL1) and thicker (BL2) boundary layers) (from Figs 7 and 8 of Ref. 5).

  elsA simulation[START_REF]Bilan 2019 du Plan Stratégique Scientifique ONERA 2015-2025[END_REF] in a two-billion point grid of the flow in an axial compressor: Static pressure field ; Evolution of the residuals ; CPU optimization of the LU-SSOR implicit stage and influence of the core number.