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On the generation of turbulent inflow for hybrid RANS/LES jet flow simulations

The present work is devoted to the assessment of a low-noise turbulence generation methodology used to produce boundary layer with three-dimensional resolved turbulence at the exit of a jet nozzle to reproduce experimental conditions. The method relies on the use of roughness elements introduced in the computational domain with Immersed Boundary Conditions and ZDES mode 3 (Wall Modelled LES branch of ZDES). The simulation of a round jet at M=0.9 and Reynold number 10 6 with turbulence generation is compared to a simulation with no resolved turbulence in the nozzle boundary layer using ZDES mode 2. The behaviour of the boundary layer downstream of the roughness elements inside the nozzle is scrutinized using two grids. The turbulence generation method combined with ZDES mode 3 produces satisfying levels of resolved turbulence at the nozzle exit. The early stages of the shear layer development are modified by the ZDES mode 3 simulations providing an initially turbulent boundary layer. On the other hand, the ZDES mode 2 simulations, with a turbulent mean exit velocity profile but no resolved turbulence, display a short area of strong shear layer instabilities leading to the quick development of threedimensional turbulence in the mixing layer. The present results give insights on the level of turbulent modelling of the nozzle boundary layer needed depending on the purposes of the jet flow simulations considered.

Introduction

RIVEN by environmental concerns, both in terms of greenhouse gas emissions and aircraft noise reductions, jet engine integration has become a key issue for aircraft and engine manufacturers. Indeed, to meet the ambitious but essential objectives of future aviation (see for instance European Union's FlightPath 2050 [START_REF] Commission | Flightpath 2050, Europe's Vision for Aviation[END_REF]), the size of new generation engines has significantly increased and new aircraft concepts using boundary layer ingestion for instance have emerged. In this framework, the design of new generation aircraft with Ultra High Bypass Ratio the simulation of jets remains a challenging topic for Computational Fluid Dynamics (CFD) [START_REF] Bodony | Current Status of Jet Noise Predictions Using Large-Eddy Simulation[END_REF] [3] [START_REF] Lyrintzis | The Use of LES in Jet Aeroacoustics[END_REF]. Of interest, the mechanical and materials sizing of the airframe for closed-coupled engine integration requires a fine simulation of the jet instabilities and mixing with access to the unsteady properties of the jet for heat exchange and vibrational purposes for instance. Furthermore; jet noise numerical predictions require both the computation of the noise sources -i.e. turbulence -and efficient propagation of acoustic waves towards the observation point.

The present article focuses on the former issue, namely the modelling (and resolution) of the turbulent dynamics responsible for the jet development and mixing. Among the large amount of published work on this topic, valuable simulation results have been obtained with Large Eddy Simulation (LES), mostly focused on jet noise generation on academic configurations (single-stream jets) [START_REF] Lyrintzis | The Use of LES in Jet Aeroacoustics[END_REF] [START_REF] Bogey | Large-eddy simulation of the flow and acoustic fields of a Reynolds number 10(5) subsonic jet with tripped exit boundary layers[END_REF] [6] [START_REF] Huet | Influence of boundary layers resolution on heated, subsonic, high Reynolds number jet flow and noise[END_REF] [8] [START_REF] Fosso-Pouangué | Subsonic Jet Noise Simulations Using Both Structured and Unstructured Grids[END_REF]. However, LES still remains prohibitive for complex configurations involving multiple attached boundary layers [START_REF] Spalart | On the role and challenges of CFD in the aerospace industry[END_REF] [START_REF] Choi | Grid-point requirements for large eddy simulation: Chapman's estimates revisited[END_REF] [START_REF] Slotnick | CFD Vision 2030 Study : A Path to Revolutionary Computational Aerosciences[END_REF] for which hybrid Reynolds-Averaged Navier-Stokes (RANS)/LES methods have been used with some success [START_REF] Gand | Jet noise of a UHBR nozzle using ZDES: external boundary layer thickness and installation effects[END_REF] [START_REF] Verrière | Zonal Detached-Eddy Simulations of a Dual-Stream Jet[END_REF] [15] [START_REF] Tyacke | Predictive Large Eddy Simulation for Jet Aeroacoustics-Current Approach and Industrial Application[END_REF] [17] [START_REF] Shur | Noise prediction for increasingly complex jets. Part II: Applications[END_REF]. In these cases, only the jet plume is resolved in LES, while most of the geometry -including the flow inside the nozzle and the rest of the airframe-involves attached boundary layers that are treated in RANS with a moderate computational cost. Such methods have proven useful to investigate jet/airframe interactions for instance [START_REF] Brunet | Zonal Detached Eddy Simulation of a civil aircraft engine jet configuration[END_REF] [START_REF] Brunet | Advanced experimental and numerical investigations of an aircraft powerplan configuration[END_REF] [21]. However, the major limitation of RANS/LES methods is that a RANS-to-LES transition (often named "grey area") occurs in the initial stage of the jet mixing layer, which is likely to influence the early stages of the mixing layer development and may produce spurious transition noise [START_REF] Gand | Jet noise of a UHBR nozzle using ZDES: external boundary layer thickness and installation effects[END_REF] [14] [START_REF] Sartor | Numerical Study of a Double-Stream Jet: ZDES Simulation, Stability Analysis and Noise Reduction[END_REF] [START_REF] Fuchs | Further assessment of the grey-area enhanced sigma-DES approach for complex flows[END_REF]. To mitigate this issue, previous work has shown the importance of reproducing the unsteady features of the nozzle boundary layer on single-stream jets, since the shear layer development and radiated noise are significantly different for initially laminar and transitional or turbulent jets [START_REF] Bogey | Large-eddy simulation of the flow and acoustic fields of a Reynolds number 10(5) subsonic jet with tripped exit boundary layers[END_REF] [6] [START_REF] Huet | Influence of boundary layers resolution on heated, subsonic, high Reynolds number jet flow and noise[END_REF] [8] [START_REF] Bogey | Influence of nozzle-exit boundary-layer conditions on the flow and acoustic fields of initially laminar jets[END_REF] [24] [START_REF] Brès | Large eddy simulation for jet noise: the importance of getting the boundary layer right[END_REF]. To this effect, a turbulence modelling approach more advanced than RANS is needed in the nozzle boundary layer. Since Wall Resolved LES is out of reach of current and mid-term computational resources, the use of Wall Modelled LES (WMLES) [START_REF] Bose | Wall-Modeled Large-Eddy Simulation for Complex Turbulent Flows[END_REF] is promoted. This leads to the issue of turbulence generation which is all the more critical for aeroacoustics applications since most popular methods based on synthetic turbulence generation introduce acoustic perturbations as reported in [START_REF] Deck | Numerical investigation of the flow dynamics past a three-element aerofoil[END_REF] [28] [START_REF] Shur | Noise prediction for increasingly complex jets. Part I: Methods and tests[END_REF] [START_REF] Shur | Synthetic Turbulence Generators for RANS-LES Interfaces in Zonal Simulations of Aerodynamic and Aeroacoustic Problems[END_REF]. In the frame of jet flow simulations, Uzun and Hussaini [START_REF] Uzun | Some Issues in Large-Eddy Simulations for Chevron Nozzle Jet Flows[END_REF] implemented various derivations of recycling/rescaling approaches to generate turbulent nozzle inflow conditions. Bogey et al. [START_REF] Bogey | Influence of initial turbulence level on the flow and sound fields of a subsonic jet at a diameter-based Reynolds number of 105[END_REF] introduced vorticity perturbations (vortex rings) in the nozzle laminar boundary layer in order to generate highly disturbed boundary layers that feed the initial stages of the mixing layer development with enough perturbations to allow a fully turbulent behaviour. The same technique is used by Biolchini et al. [START_REF] Biolchini | Numerical study on the relation between hydrodynamic fluctuations and noise in hot jets at high Reynolds number[END_REF]. Bühler et al. [START_REF] Bühler | Simulation of Subsonic Turbulent Nozzle Jet Flow and Its Near-Field Sound[END_REF] used successfully the Synthetic Eddy Method [START_REF] Jarrin | Reconstruction of Turbulent Fluctuations for Hybrid RANS/LES Simulations using a Synthetic-Eddy Method[END_REF] for DNS simulations at moderate Reynolds number. Housman et al. [START_REF] Housman | Jet Noise Prediction using Hybrid RANS/LES with Structured Overset Grids[END_REF] and Stich et al. [START_REF] Stich | Hybrid RANS/LES Simulation of Jet Surface Interaction Noise[END_REF] used a similar approach for a M=0.9 jet at higher Reynolds number and associated some spurious high frequencies in the velocity spectra in the jet to the turbulent inflow generation. Brès et al. [START_REF] Brès | Large eddy simulation for jet noise: the importance of getting the boundary layer right[END_REF] used another synthetic turbulence method and did not report such issues. Therefore, it seems that the successful use of synthetic turbulence approaches is highly dependent on the choice and implementation of the method in compressible codes and can have 3 detrimental effects on the simulations on the acoustic side. In order to avoid these issues, some authors have investigated the use of geometrical tripping to trigger the turbulent transition in the nozzle boundary layer. Zhu et al. [START_REF] Zhu | Isothermal and heated subsonic jet noise using large eddy simulations on unstructured grids[END_REF] manually removed some cells at the wall to create wall roughness in the frame of Wall Resolved LES with unstructured grids. Lorteau et al. [START_REF] Lorteau | Analysis of noise radiation mechanisms in hot subsonic jet from a validated large eddy simulation solution[END_REF] introduced an annular step at the wall which is discretised by the mesh. The separation downstream of the step seeds perturbations in the boundary layer. In the frame of Lattice Boltzmann Method-Very Large Eddy Simulation (LBM-VLES) simulations, van der Welden et al. [START_REF] Van Der Welden | Validation of Jet Noise Simulations and Resulting Insights of Acoustic Near Field[END_REF] use annular zigzag trips which are shown to produce some turbulence at the nozzle exit similar to highly disturbed boundary layers seen in previously cited works.

Of interest, Deck et al. [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF] have proposed a method based on roughness elements -or tripping dots-included in the computational domain with the Immersed Boundary Condition (IBC) [START_REF] Mochel | Zonal Immersed Boundary Conditions: Application to a High-Reynolds-Number Afterbody Flow[END_REF] to trigger turbulent transition mechanisms resolved with a Wall Modelled LES (WMLES) approach, namely the mode 3 of Zonal Detached Eddy Simulation (ZDES) [START_REF] Deck | Recent Improvements of the Zonal Detached Eddy Simulation (ZDES) Formulation[END_REF] [START_REF] Deck | Zonal Detached Eddy Simulation (ZDES) of a spatially developing flat plate turbulent boundary layer over the Reynolds number range 3 150 < Reθ < 14 000[END_REF]. The results presented in [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF] show that this method successfully initiates and sustains the development of a turbulent flat plate boundary layer with a moderate computing cost and without the addition of spurious noise, while the method is quite straightforward to implement and reproduce.

The purpose of the present work is therefore to assess the capability of the method based on ZDES mode 3 combined with IBC roughness elements to improve jet flow simulations through a better simulation of the nozzle boundary layer compared to a standard RANS/LES approach -namely the ZDES mode 2 [START_REF] Deck | Recent Improvements of the Zonal Detached Eddy Simulation (ZDES) Formulation[END_REF]-where the boundary layer is treated in RANS. In other words, this work aims at evaluating the benefits and difficulties of the use of a refined turbulence modelling strategy compared to an automatic one in order to better understand the application range of each method, with a focus on the WMLES boundary layer development downstream of the tripping devices.

The article is organized as follows. First, the numerical methods used in this work are detailed, with emphasis on the IBC technique used and the Wall Modelled LES approach. In the second part of the article, the simulation of a well-documented M=0.9 round jet is performed. According to the objectives of the article, two types of modelling are compared using two azimuthal grid resolutions: a standard RANS/LES methodology in which the nozzle boundary layer is treated in RANS (ZDES mode 2) and the ZDES mode 3 with turbulent inflow.

Computational methodology

Zonal Detached Eddy Simulation

The hybrid RANS/LES method used in this work is the Zonal Detached Eddy Simulation (ZDES) [START_REF] Deck | Recent Improvements of the Zonal Detached Eddy Simulation (ZDES) Formulation[END_REF] developed at ONERA. This approach has been used with success to simulate a wide range of applications of industrial interest [START_REF] Deck | High-fidelity simulations of unsteady civil aircraft aerodynamics: stakes and perspectives. Application of zonal detached eddy simulation[END_REF]. One of the advantages of the ZDES is its flexibility illustrated in Figure 1which shows that ZDES covers several types of detached flows, which can be combined. It is important to bear in mind that modes 1 and 2 of ZDES belong to the so-called "natural Detached Eddy Simulation" approaches in which the attached boundary layers are treated in RANS. Conversely, mode 3 of ZDES is a Wall Modelled LES approach in which the outer part of attached boundary layers is resolved in LES. An example of the combined use of the three modes of ZDES within the same computation can be found in Ref [START_REF] Deck | Numerical investigation of the flow dynamics past a three-element aerofoil[END_REF].

Figure 1. Summary of the ZDES formulation (adapted from [42])

The ZDES is based on the basic idea of the original Detached Eddy Simulation [START_REF] Spalart | Comments on the feasibility of LES for wings, and on a hybrid RANS/LES approach[END_REF] (DES97) which relies on the Spalart-Allmaras (SA) RANS model [START_REF] Spalart | A One-Equation Turbulence Model for Aerodynamic Flows[END_REF]. A brief description of the SA model is provided below, the reader is referred to the original paper [START_REF] Spalart | A One-Equation Turbulence Model for Aerodynamic Flows[END_REF] for a full description. The SA model is based on the transport equation of a pseudo viscosity 𝜈 ̃ involving production, diffusion and destruction terms:

𝐷𝜈 D 𝑡 = 𝑐 𝑏1 𝑆 ̃ 𝜈 ⏟ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 1 𝜎 [∇. (( 𝜈 + 𝜈 ̃)∇ 𝜈 ̃) + 𝑐 𝑏2 (∇ 𝜈 ̃)²] ⏟ 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 -𝑐 𝑤1 𝑓 𝑤 [ 𝜈 d 𝑤 ] 2 ⏟ 𝑑𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 ( 1 ) 
where d w is the distance to the wall, c b1 , c b2 and c w1 are constants, 𝑆 ̃ is a modified vorticity magnitude involving a near wall function f v2 and f w is another near-wall function. The eddy viscosity entering the Boussinesq closure for the RANS equations is defined using a third near-wall function f v1 : 𝜈 𝑡 = 𝑓 𝑣1 𝜈 ̃. The three near-wall corrections f w , f v1 and f v2 were calibrated to ensure the correct behaviour of 𝜈 ̃ in the viscous, buffer, log-layer and outer parts of the boundary layer. The basic principle of DES97 is to modify the destruction term of eq. ( 1) so that the RANS eddyviscosity is reduced to a LES subgrid scale one in detached areas. To do so, the distance to the wall in eq. ( 1) is replaced by 𝑑 ̌𝐷𝐸𝑆97 = 𝑚𝑖𝑛(𝑑 𝑤, 𝐶 𝐷𝐸𝑆 ∆) with C DES =0.65 and Δ=∆ max is the maximum cell size. With this modification, away from the walls, when production and destruction terms are balanced, the eddy viscosity scales with the local mesh size and the local vorticity modulus: 𝜈 𝑡 ≈ 𝑆∆² which is similar to Smagorinsky's subgrid scale model.

Therefore the transport equation for ZDES reads:

𝐷𝜈 D 𝑡 = 𝑐 𝑏1 𝑆 ̃ 𝜈 ⏟ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 1 𝜎 [∇. (( 𝜈 + 𝜈 ̃)∇ 𝜈 ̃) + 𝑐 𝑏2 (∇ 𝜈 ̃)²] ⏟ 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 -𝑐 𝑤1 𝑓 𝑤 [ 𝜈 d ̃𝑍𝐷𝐸𝑆 ] 2 ⏟ 𝑑𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 ( 2 ) 
The hybrid length scale 𝑑 ̃𝑍𝐷𝐸𝑆 is defined for each mode 1, 2 and 3 in the following. Note that ZDES mode 1 is not used in the present work but it is briefly discussed for the sake of completeness.

ZDES mode 1

The ZDES mode 1, introduced to treat massive separations triggered by the geometry, relies on a user-defined zonal decomposition of the computational domain in RANS and DES areas. The hybrid length scale 𝑑 ̃𝑍𝐷𝐸𝑆 𝐼 entering eq. ( 2) is equal to:

𝑑 ̃𝐼𝑍𝐷𝐸𝑆 = { 𝑑 𝑤 𝑖𝑛 𝑅𝐴𝑁𝑆 𝑎𝑟𝑒𝑎𝑠 min ( 𝑑 𝑤 ⏟ 𝑑 ̃𝑅𝐴𝑁𝑆 , 𝐶 𝐷𝐸𝑆 𝛥 𝑍𝐷𝐸𝑆 𝐼 ⏟ 𝑑 ̃𝐿𝐸𝑆 ) 𝑖𝑛 𝐷𝐸𝑆 𝑎𝑟𝑒𝑎𝑠 ( 3 ) 
where

∆ 𝑍𝐷𝐸𝑆 𝐼 = ∆ 𝑣𝑜𝑙 = √ ∆ 𝑥 ∆ 𝑦 ∆ 𝑧 3 𝑜𝑟 ∆ 𝑍𝐷𝐸𝑆 𝐼 = ∆ 𝜔 = √𝑆 𝜔 ̅̅̅̅ ,
where 𝑆 ̅ 𝜔 is the average cross section of the cell normal to the vorticity vector ω. Therefore, a significant difference between ZDES mode 1 and DES97 is the definition of the length scale used in DES areas. Furthermore, the near-wall functions of the SA model are removed in LES areas for mode 1: f v1 =1, f v2 =0, f w =0.

ZDES mode 2

ZDES also provides an "automatic" operating option (referred to as mode 2 in the following) for which the switch between RANS and LES regions is dynamically set by the model. Indeed, the ZDES mode 2 was developed to deal with separations over smooth surfaces and works as a global RANS/LES approach where the model itself defines the RANS and DES areas, which makes the treatment of complex geometries straightforward for the user.

To ensure that attached boundary layers are treated in RANS whatever the grid density, a shielding function f d is used. This function was defined in the framework of Delayed-DES (DDES) [START_REF] Spalart | A New Version of Detached-eddy Simulation, Resistant to Ambiguous Grid Densities[END_REF] to be equal to 0 in the boundary layer and 1 elsewhere:

𝑓 𝑑 = 1 -tanh[(8𝑟 𝑑 ) 3 ] , 𝑟 𝑑 = 𝜈 + 𝜈 𝑡 √ 𝑈 𝑖,𝑗 𝑈 𝑖,𝑗 𝜅 2 𝑑 𝑤 2 ( 4 
)
where ν is the kinematic viscosity, U i,j is the velocity gradient and κ is the Karman constant. ) 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

In the present study, the value 𝑑 𝑤 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 (𝑥) = 0.1 𝛿(𝑥) was chosen. 𝛿(𝑥) is the local boundary layer thickness and is determined by a precursor RANS calculation. See Refs [41] [47] for further discussion of the interface location.

ZDES mode 3 was used and validated for WMLES in [START_REF] Stich | Hybrid RANS/LES Simulation of Jet Surface Interaction Noise[END_REF] [47] [27] [START_REF] Laraufie | Assessment of Reynolds stresses tensor reconstruction methods for synthetic turbulent inflow conditions. Application to hybrid RANS/LES methods[END_REF].

In order to perform WMLES simulations of fully turbulent boundary layers, resolved turbulence must be injected into the incoming flow in order to initiate the resolved turbulence development. This means that the ZDES mode 3 technique has to be used in association with a turbulent injection method such as the one discussed in the following section.

Turbulence generation using Immersed Boundary Condition

Instead of using a body-fitted grid to account for wall boundaries, the basic idea of the IBC method is to mark the solid and fluid zones of the computational mesh and to take into account the wall presence by adding a source term in the Navier Stokes equations in order to mimic a solid boundary.

The formulation of the IBC method used in this study is identical to the one detailed in [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF], which was first proposed in [START_REF] Mochel | Zonal Immersed Boundary Conditions: Application to a High-Reynolds-Number Afterbody Flow[END_REF] and was inspired by the direct forcing approach of [START_REF] Mittal | Immersed Boundary Methods[END_REF] [50] adapted to curvilinear grids and RANS/LES methods. The source term entering the Navier-Stokes equations for the IBC forcing is defined so that the momentum and pseudo eddy viscosity transport equations return to zero, thus acting as a solid boundary.

According to [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF], the method is called Zonal IBC (ZIBC) since the Immersed Boundary Conditions are used within a body-fitted grid and the source term is only activated in the cells prescribed by the user with a field tag 𝛼 𝐼𝐵𝐶 equal either to 1 in solid cells or to 0 in fluid cells. The ZIBC source term reads:

𝑻 𝑍𝐼𝐵𝐶 = 𝛼 𝐼𝐵𝐶 𝒇 𝐼𝐵𝐶 (𝑾, ∇𝑾)
where W is the conservative variables vector and 𝒇 𝐼𝐵𝐶 = (𝑓 𝜌 , 𝑓 𝜌𝑼 , 𝑓 𝜌𝐸 , 𝑓 𝜌𝜈 ̃)

𝑡

is the forcing function defined to reach the properties of a solid boundary after the initial transient. The explicit expressions of the forcing terms are:

𝑓 𝜌 = 0 𝑓 𝜌𝑼 = ∇ • [𝜌(𝒖⨂𝒖) + 𝑝𝑰 -(𝝉 𝑣 + 𝝉 𝑡 )] 𝑓 𝜌𝐸 = 0 𝑓 𝜌𝜈 ̃= ∇ • [𝜌𝜈 ̃𝒖 - 1 𝜎 (𝜇 + 𝜌𝜈 ̃)∇𝜈 ̃] -𝑐 𝑏1 𝑆 ̃ 𝜌𝜈 ̃-𝑐 𝑏2 𝜎 ∇(𝜌𝜈 ̃)∇𝜈 ̃+ 𝜌𝑐 𝑤1 𝑓 𝑤 ( 𝜈 d ̃𝑍𝐷𝐸𝑆 ) 2
where 𝝉 𝑣 and 𝝉 𝑡 are the viscous and modelled turbulent stresses. The derivation of these equations is discussed in [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF] [39] [START_REF] Weiss | On the coupling of a zonal body-fitted/immersed boundary method with ZDES: application to the interactions on a realistic space launcher afterbody flow[END_REF]. More general and accurate formulations can be derived, but the one presently used is considered to be well suited to its purpose which is to locally include roughness elements with IBC whereas the grid is body-fitted everywhere else.

As illustrated in Figure 2, the roughness elements are introduced in order to produce streamwise vorticity in the boundary layer at the location where it is most likely to be amplified and thus generate resolved turbulence to initiate the WMLES behaviour of ZDES mode 3. The most suited shape parameters of the roughness elements were identified in [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF] using a parametric study and are recalled in Figure 2. Note that in [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF], the authors also used the Dynamic Forcing method (DF) [START_REF] Laraufie | A dynamic forcing method for unsteady turbulent inflow conditions[END_REF] to accelerate the development of three-dimensional turbulence downstream of the roughness elements. This method was not used in the present work since the length of the nozzle duct is large enough for the turbulence generated by the tripping dots to develop at an affordable CPU cost without the need of DF (see section 3.3.1).

λ z /δ 0 0.5 h/δ 0 0.3 3 Simulation of a M=0.9 turbulent jet

The jet configuration investigated in this article corresponds to the Pprime laboratory (based in Poitiers, France) experiments described in Ref [START_REF] Brès | Importance of the nozzle-exit boundary-layer state in subsonic turbulent jets[END_REF]. The exhaust Mach number is equal to M=0.9, the nozzle exit diameter is D=0.05m, the total pressure ratio is P i /P ∞ =1.7 and the total temperature ratio is T i /T ∞ =1.15. The Reynolds number based on the diameter is equal to Re D =10 6 . Note that a large experimental dataset including the characterization of velocity profiles (mean and RMS fluctuations) at the nozzle exit is available online 3 . Of interest, the nozzle exit boundary layer was tripped to reach a turbulent state at the nozzle exit, the integral quantities are given in Table 1. 

Thickness

Computational domain, grid details and numerical parameters

In order to assess the efficiency of the IBC turbulent generation technique, two types of simulations are performed in the present work: ZDES mode 2 (where the nozzle boundary layer is treated in RANS, thus without turbulence generation) and ZDES mode 3 with turbulence generation. In this section, the computational setup of ZDES mode 2 simulations is first described, then its adaptation for the ZDES mode 3 simulations is presented.

ZDES mode 2 simulations

All simulations were carried out with the same computational domain depicted in Figure 3, which corresponds to usual practices for jet flow simulations with finite volume second-order schemes. In order to avoid acoustic waves reflections on the boundary conditions, the limits of the computational domain are located at 40 D from the nozzle in the radial direction and 70 D from the nozzle in the streamwise direction. A small coflow at M=0.01 was introduced outside the nozzle to avoid flow stagnation. Following the usual practice for such simulations, since the ZDES mode 2 simulations behave in RANS inside the nozzle, the straight part of the nozzle was extended up to x/D= -10 and the non-slip length of the nozzle wall upstream of the exit was tuned with preliminary 2D RANS computations in order to recover the experimental boundary layer thickness given in Table 1. Following the conclusions of previous 2). The first grid used (Grid1) has 240 grid points in the azimuthal direction. Inside the nozzle, the first wall cell height is located at y + =1 according to usual RANS guidelines and 40 points are used in the wall normal direction to discretize the boundary layer height. In the near field outside the shear layers, the radial stretching is limited to 2% to allow the propagation of the acoustic waves with minimal numerical dissipation.

Above this "acoustic propagation layer", mesh stretching is applied from ~3-5 D in the radial direction and 30 D in the streamwise direction.

According to Table 2, Grid1 can be considered rather coarse. Therefore a more refined grid (Grid2) was generated with increased streamwise, and azimuthal grid counts (a detailed breakdown of grid counts for all grids is given in Table 3). Grid2 contains 480 points in the azimuthal direction. The grid spacings are further documented in Figure 5 and Figure 6. Of interest, the increase of grid points in the azimuthal direction leads to an increase of the radial grid sizes in Grid2 thanks to the O-H grid topology (see Figure 4). 
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ZDES mode 3 simulations

As mentioned above, the mesh spacings inside the nozzle for Grid1 and Grid2 were chosen according to RANS guidelines. In order to reach a mesh resolution suited to WMLES inside the nozzle, the streamwise grid spacing inside the nozzle was decreased down to Δx + =200 (based on the estimated friction velocity of the nozzle exit boundary layer). All other grid spacings being unchanged, the grids adapted to WMLES are named Grid1BL and Grid2BL. The evolution of the streamwise grid refinement in grids "BL" is shown in Figure 7. The total grid count increase is of around 10% from Grid1 to Grid1BL and from Grid2 to Grid2BL. A summary of the grid counts, with separate accounting for the nozzle and the jet plume for all grids is given in Table 3.

Note that the azimuthal resolution of Grid1BL and Grid2BL in wall units are respectively of rΔθ + =400 and 200 Since the WMLES resolution is only targeted locally inside the nozzle boundary layer, the user has to define the zones which will be treated with ZDES mode 0, 2 and 3. The zones definition used for the present ZDES mode 3 simulations is depicted in Figure 8. The jet plume is treated with ZDES mode 2 to reduce to a minimum the differences with the simulations where ZDES mode 2 is used for the whole computational domain. Inside the nozzle, the boundary layer is first treated in ZDES mode 0 (SA model) until it reaches a chosen thickness (see the discussion below) where the ZDES mode 3 is activated and the resolved turbulence triggered with the IBC method described in section 2. that this process of definition of the location of the IBC roughness elements needs to be more automated in the future, but we argue that the method used here could be transposed to any jet configuration.

(
The IBC tagging of the roughness elements (the area where the IBC source term is activated to mimic solid boundaries) is shown in Figure 9. The shape parameters of the roughness elements are given in Table 4. They follow the recommendations of [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF] (see Figure 2), also taking into account that 1 tripping dot must be discretized by at least 2 cells in width to have a significant influence. Note that the height of the tripping dots was increased to 0.6 δ 0 due to initial flow visualisations showing that the turbulence was not developing quickly enough. This difference compared to the recommendations of [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF] may be due to the lack of Dynamic Forcing method [START_REF] Laraufie | A dynamic forcing method for unsteady turbulent inflow conditions[END_REF] in the present simulations. It is reminded that the characteristics (shape, size and spacing) of the roughness elements were designed in [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF] based on theoretical analysis of optimal perturbations and transient energy growth sustained by a turbulent boundary layer. Essentially, the role of the roughness elements is to generate streamwise vorticity in the boundary layer in the area where it is most likely to be amplified. This justifies the use of distributed elements rather than a continuous step. In total, 60 tripping dots were used for Grid1BL and Grid2BL. Of interest, the effect of the tripping dots on the spatial organization of the pressure field inside the nozzle boundary layer and the jet is investigated in section 3.3.3. 

Table 4. Parameters of the tripping dots

In order to perform a fair comparison with the ZDES mode 2 simulations, the length scale 𝑑 ̃𝑍𝐷𝐸𝑆 𝐼𝐼 = ∆ 𝜔 was also used for the ZDES mode 3 simulations.

Common numerical parameters for all simulations

The simulations were performed with the elsA software of ONERA [START_REF] Cambier | The Onera elsA CFD software: input from research and feedback from industry[END_REF] The time integration is performed using an implicit LU-SSOR algorithm and a second-order accurate backward Gear scheme. The number of sub-iterations was set to 8 in order to reach a decrease of one order of magnitude of the inner iteration residuals to achieve secondorder time accuracy.

For the spatial integration, the diffusive fluxes are discretized using a second-order-accurate centered scheme.

The convective terms are treated with a hybrid centered/upwind second-order-accurate modified AUSM+P scheme [START_REF] Mary | Large Eddy Simulation of Flow around an Airfoil Near Stall[END_REF] using a MUSCL extrapolation of the third order. This version of the AUSM+P scheme involves a "wiggle"

sensor to minimize numerical dissipation by applying some upwinding only in areas where the solution displays numerical oscillations, while the scheme is actually centered everywhere else [START_REF] Mary | Large Eddy Simulation of Flow around an Airfoil Near Stall[END_REF]. The AUSM+P scheme was selected over the Jameson scheme following the conclusions of Verrière et al. [START_REF] Verrière | Zonal Detached-Eddy Simulations of a Dual-Stream Jet[END_REF] for jet flows simulations. 

Flow visualizations and qualitative analysis

Prior to quantitatively assessing the numerical results, the instantaneous and time-averaged simulated flowfields are commented in this section in order to highlight the salient features of the simulations and educe first qualitative differences between the modelling and grids used. simulations is specifically investigated, as well as their spectral signature and azimuthal forcing of the flow.

Streamwise evolution

Figure 16 depicts the streamwise evolution of the boundary layer thickness and momentum thickness inside the nozzle. Note that the experimental value obtained at x/D=0.04 is also plotted as a reference. Since ZDES mode 2 acts in RANS in this area, no differences are observed between Grid1 and Grid2 with this modelling as could be expected. In the ZDES mode 3 simulations, downstream of the IBC roughness elements located at x/D= -2.4, the boundary layer thickness recovers its developpement and the growth rate of the boundary layer arguably tends to the ZDES mode 2 one at the end of the nozzle, for x / D > -1 to -0.5. In all cases, the experimental value of the exit boundary layer thickness is recovered (this was the target value for the choice of the non-slip length of the nozzle wall upstream of the exit as explained in section 3.1.). With both grids, the ZDES mode 3 simulations do not recover the shape factor of the ZDES mode 2 ones at the nozzle exit. This slight discrepancy is further discussed in the next section when nozzle exit boundary layer profiles are scrutinized. As a conclusion to this section devoted to the development of the boundary layer downstream of the IBC roughness elements, one can estimate the so-called "relaxation distance" downstream of which the boundary layer can be considered fully developed at around 1D. This equals in the present case to roughly 50 times the boundary layer thickness at the location where the roughness elements were placed. Considering the grid resolution used of rΔθ + =400 and 200 for Grid1BL and Grid2BL respectively, with Δx + =200 in both cases, this adaptation length is considered acceptable and shows that the ZDES mode 3 can produce a WMLES resolution even with such coarse grids (which have a total grid count more than 100 times lower than Wall Resolved LES grids requirements), which is in line with the results of Ref [START_REF] Deck | Zonal Detached Eddy Simulation of a Spatially Developing Flat Plate Turbulent Boundary Layer[END_REF].

It is noteworthy that the CPU overhead cost of the mesh refinement to suit this relaxation distance does not appear unaffordable in the present cases (around 10% from Grid1 to Grid1BL and Grid2 to Grid2BL, see section 3.1.2). The transposition of the method to other cases would arguably result in a CPU cost increase of the same order of magnitude of 10-20%, especially because the present results show that the method can perform with a rather low azimuthal grid count and only the streamwise grid spacing inside the nozzle needs to be refined, which is straightforward and does not propagate to the whole grid even for structured grids. Note that the Dynamic Forcing approach [START_REF] Laraufie | A dynamic forcing method for unsteady turbulent inflow conditions[END_REF] downstream of the IBC roughness elements could be considered to further reduce the relaxation distance if needed.

Nozzle exit boundary layer

The first experimental measurement station is located at x/D=0.04 [START_REF] Brès | Importance of the nozzle-exit boundary-layer state in subsonic turbulent jets[END_REF], which is sufficiently close to the nozzle exit to assume that this data is characteristic of the nozzle exit boundary layer. Only streamwise velocity (mean and RMS) were measured, therefore the DNS data of Sillero et al. [START_REF] Sillero | One-point statistics for turbulent wall-bounded flows at Reynolds numbers up to δ+ ≈ 2000[END_REF] for a flat plate boundary layer at Re θ = 5000 (the experimental estimated value for the present case is Re θ = 7700) are also plotted in the present section to complement the analysis of the simulations.

The mean velocity profiles are presented in Figure 18. The ZDES mode 2 simulations are in good agreement with the measurements thanks to the use of the RANS mode inside the nozzle. As mentioned previously, the boundary layer thickness is correctly recovered by the ZDES mode 3 simulations but the shape factor is underestimated. The numerical data of Brès et al. [START_REF] Brès | Importance of the nozzle-exit boundary-layer state in subsonic turbulent jets[END_REF] on the same case (with a completely different approach involving WMLES and a wall law seeded by synthetic turbulence) is also plotted in Figure 18 to illustrate the fact that a discrepancy on the shape factor is also found, which tends to indicate that the shape factor is a difficult quantity to capture on this type of configuration. Nevertheless, the results of Brès et al. [START_REF] Brès | Importance of the nozzle-exit boundary-layer state in subsonic turbulent jets[END_REF] for the whole jet flow development and acoustics showed that such discrepancy on the shape factor of the nozzle exit boundary layer is not significant compared to the level of resolved turbulence achieved in the boundary layer. of the present study but explain the discrepancy in the shape factor. As a matter of fact, the objective of using WMLES in the frame of jet flows simulations is not to perfectly reproduce the levels of friction coefficient and Reynolds stresses of the boundary layer, which are not considered to be the driving mechanisms of the mixing layer development. The objective is rather to reproduce a boundary layer that has the correct thickness and enough resolved three-dimensional turbulence to allow the early stages of the mixing layer development to occur as in the experiments -which are fully turbulent.

It is important to note that because the profiles are extracted at the experimental location (x/D=0.04), ZDES mode 2 simulations are acting in LES mode and some resolved turbulence appears for y/δ <0.1. This is a manifestation of the quick development of the instabilities in the ZDES mode 2 simulations observed in Figure 11 and Figure 12. 

Flow along the nozzle axis

In order to assess the effect of the IBC roughness elements on the flow inside the nozzle, PSD of velocity fluctuations along the nozzle centreline are plotted in Figure 22. Since there is no freestream turbulence injected in the simulations (while the experimental value of the turbulence rate can be estimated at around 1%), the PSD levels are fairly low. However, tonal peaks around St D ~ 0.4 and their harmonics observed in all simulations. The value of the frequencies of these peaks is very similar to those of resonating acoustic trapped waves inside the potential core predicted by Towne et al. [START_REF] Towne | Acoustic resonance in the potential core of subsonic jets[END_REF] and also found in the WMLES of Brès et al. [START_REF] Brès | Importance of the nozzle-exit boundary-layer state in subsonic turbulent jets[END_REF] on the same jet configuration, which tends to show that this phenomenon is correctly captured in the present simulations.

For both grids, the PSD levels obtained with the ZDES mode 3 simulations are slightly higher than the ones of the ZDES mode 2 simulations in the upstream part of the nozzle. At the nozzle exit, all spectra collapse for St D < 2, while PSD levels obtained with ZDES mode 3 simulations remain higher than the ones obtained with ZDES mode 2 for frequencies above St D =2. These differences could be attributed to the higher streamwise grid resolution in grids Grid1BL and Grid2BL compared to Grid1 and Grid2 (see section 3.1). Nevertheless, the differences observed near the nozzle exit are not considered significant due to their very low levels, for instance compared with the PSD obtained in the nozzle boundary layer in Figure 20. This result supports the assumption of the small influence of the IBC roughness elements on the flow inside the nozzle. The streamwise evolution of the mean and RMS streamwise velocity along the nozzle lip presented in Figure 23 provides a first insight on the effect of the WMLES resolution of the nozzle boundary layer on the jet flow. As a matter of fact, the whole shear layer development does not seem significantly impacted by the change from ZDES mode 2 to ZDES mode 3, for both grids, since the level of u/U j and u RMS /U j are fairly similar for all simulations for x/D>2. The effect of the grid can be seen from x/D=10, with higher levels of u RMS /U j obtained with the finer grid, whatever the turbulence modelling methodology used. Note that the experimental level of velocity fluctuations is not reached in the present simulations, which is attributed to an insufficient grid resolution in the jet plume (possibly in the streamwise and radial directions, which could be improved in future work using unstructured grids with local refinement) according to the literature [54] [35] [6]. This should be the topic of future work, the present one being dedicated to the derivation of an efficient methodology to generate a plausible resolved turbulent nozzle exit boundary layer.

On the other hand, the right part of Figure 23 , where ΔU is the shear velocity. This value agrees well with the peak Strouhal number of shear layer instability growth rates obtained using an inviscid linear stability analysis by Bogey and Sabatini [START_REF] Bogey | Effects of nozzle-exit boundary-layer profile on the initial shear-layer instability, flow field and noise of subsonic jets[END_REF].

These Authors have shown that the vorticity thickness is better suited to characterize the shear layer instabilities close to the nozzle lip, which most unstable frequencies are fixed by the maximum velocity gradient. In the ZDES mode 3 simulations, only a large hump centred around the same frequency 𝑆𝑡 𝛿 𝜔 = 0.068 remains on the radial velocity spectra, while the peaks are completely removed in the streamwise velocity spectra which indicates that the shear layer instability is strongly attenuated. This is attributed to the resolved three-dimensional turbulence initiated in the exit boundary layer, which is more representative of the shear layer development in high Reynolds experiments with fully turbulent boundary layers. This tends to validate the numerical methodology involving IBC roughness elements and ZDES mode 3 as a way to correctly initiate the jet flow with initially turbulent boundary layer (both in terms of mean velocity profile and resolved turbulence). To this effect, pressure spectra in the vicinity of the jet are plotted in Figure 26. Near the nozzle exit, the acoustic signature of the vortex pairing occurring in ZDES mode 2 simulations is identified at high frequencies (St D ~8) for both grids. Further downstream, this peak is no longer visible, which is in line with the preferred radiation direction of the vortex pairing phenomenon. Conversely, the high frequency part of the spectra from the ZDES mode 3 simulations do not display such peaks, which can be related to the attenuation of the shear layer instabilities seen in Figure 24 and linked to the initial turbulent state of the mixing layer provided by the ZDES mode 3.

Some insights on the effect of the grid on the near jet fluctuation pressure field can also be obtained from Figure 26. Near the nozzle exit at x/D=0.12, the spectral signature of resonating acoustic trapped waves is found in all cases. This phenomenon is investigated in Refs [START_REF] Brès | Importance of the nozzle-exit boundary-layer state in subsonic turbulent jets[END_REF] [60] and is correctly reproduced in the simulations. Whatever the ZDES mode used, Grid2 predicts lower levels at low frequencies than Grid1 (a few dB, which is significant). The increased grid resolution also removes the spurious stagnation of the PSD levels at high frequencies (St D >8) observed in the middle and right hand side pictures of Figure 26 with Grid1. Eventually, these preliminary observations on the jet acoustics predicted by the present simulations need to be extended by a dedicated aeroacoustics numerical study with more suited grids (possibly unstructured to allow local grid refinement), which was beyond the scope of the present study focused on the turbulence generation methodology on the nozzle. 

Conclusion

The objective of the present study was to compare two methodologies to perform scale resolving simulations of jet flows within the frame of the Zonal Detached Eddy Simulation (ZDES) method. Since the early stages of the mixing layer development are very sensitive to the state of the nozzle exit boundary layer, this work aimed at assessing the effect of computing the boundary layer in RANS (all turbulence modelled) or with a Wall Modelled LES approach (with some turbulence resolved in the outer part of the boundary layer).

The first type of approach is standard in the field of RANS/LES methods and has a low user load, as ZDES mode 2 automatically detects attached boundary layers to be treated in RANS and free shear flows to be treated in LES. The second type of approach requires more user input. Indeed, the ZDES mode 3 performs as a Wall Modelled LES, and therefore requires a more refined grid in the boundary layer development area. Besides, the resolved turbulence needs to be seeded by some turbulence triggering method. Conversely to approaches based on synthetic turbulence generators, the present work makes use of geometrical turbulence generator devices (roughness elements) included in the computational domain using Immersed Boundary Conditions (IBC). This method has been derived for flat plate boundary layers in Ref [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF], and it was transposed to the case of a jet flow because the use of IBC makes the addition of the roughness elements straightforward since no specific meshing has to be done. Besides, this method showed low spurious acoustics [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF] which is a common shortcoming of synthetic methods that could be detrimental for future jet aeroacoustics studies.

Four simulations were investigated, using ZDES mode 2 and ZDES mode 3 with two grid refinements. The computational methodology of the computations has been described, especially for the ZDES mode 3. It is acknowledged that the trial and error setup of the location of the roughness elements needs to be more automated, but revealed to be efficient in the present work. Besides, it can be argued that the setup of any turbulence triggering method is not straightforward.

The behaviour of the boundary layer downstream of the roughness elements inside the nozzle was focused on in section 3.3. The turbulence generation method combined with ZDES mode 3 produces significant levels of resolved three-dimensional turbulence at nozzle exit. The relaxation distance downstream of the roughness elements induces an affordable overhead cost of around 10% in the present case, which is quite acceptable considering the coarse grid resolution used for WMLES. This could be improved with the use of the Dynamic Forcing [START_REF] Laraufie | A dynamic forcing method for unsteady turbulent inflow conditions[END_REF] method in future work. Besides, it was shown that the spectral signature of the roughness elements is not observable at the end of the relaxation area, the azimuthal organization of the flow field in the fully developed part of the nozzle boundary layer and in the mixing layer bearing no apparent memory of the roughness elements. Of interest, the flow outside the boundary layer in the nozzle remains mostly undisturbed by the presence of the roughness elements.

The analysis of the jet flow development showed that only the early stages of the shear layer development are modified in the ZDES mode 3 simulations. The ZDES mode 2 simulations display a short area of RANS-to-LES transition leading to a fully developed turbulent mixing layer between x/D=0 (nozzle exit) and x/D=0.2, which is an expected behaviour since the boundary layer is treated in RANS. Evidence of vortex pairing was found in this transition area with both grids, with a strong tonal spectral signature (both in the mixing layer close to the nozzle lip and in the jet near pressure field) whose frequency is in agreement with linear stability analysis. The LES resolution of the external part of the nozzle boundary layer provided by ZDES mode 3 seeded by the IBC roughness elements leads to the weakening of the vortex pairing process observed in ZDES mode 2 simulations due to the initiation of three-dimensional resolved turbulence in the exit boundary layer, which is more realistic. Eventually, downstream of x/D=0.2, the results of ZDES mode 2 and mode 3 simulations essentially collapse. Two sets of grids with increasing resolution were used, and showed a similar behaviour which supports this conclusion.

The present results help clarify the use of scale resolving simulations for jet flows depending on the targeted application. The ZDES mode 2 proved to be very efficient in developing three-dimensional turbulence in the shear layer, with a very low user load. The main shortcoming of the method observed in the present simulations -and in some previous ones, for instance [13] [14] [17] -is the small area where vortex pairing occurs, which in itself is not an issue but is associated with strong spectral peaks that are also visible in the jet near pressure field. Therefore the use of ZDES mode 2 for jet flows simulations is advocated as far as the early shear layer development is not a driving mechanism for the targeted application, for instance in the frame of vibrational or thermal studies of jet/airframe interaction, and if the grid is sufficiently refined near the nozzle exit. On the other hand, the use of the ZDES mode 3 setup used in this study, with the turbulence triggering devices included with the IBC technique, has been shown to provide an initially turbulent boundary layer that initiates the development of the shear layer in a realistic manner. This is a very sensitive matter for aeroacoustics studies, which will be the topic of future work. Of interest, this turbulence modelling methodology is promising in the frame of aeroacoustics simulations since it induces very low spurious noise, either in the early shear layer development or coming from the turbulence generation method.
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 2 Figure 2. Illustration of the use of roughness elements introduced with the IBC technique and recommended shape parameters. Adapted from [38]

  work using ZDES mode 2 for free shear flows [14] [40] [53], the length scale 𝑑 ̃𝑍𝐷𝐸𝑆 𝐼𝐼 = ∆ 𝜔 was preferred over 𝑑 ̃𝑍𝐷𝐸𝑆 𝐼𝐼 = ∆ 𝑣𝑜𝑙 (see equation (5)). Indeed, the vorticity-based length scale ∆ 𝜔 was found to promote the development of three dimensional instabilities in the early stages of the shear layer, hence reducing the extent of the RANS-to-LES transition zone.
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 3 Figure 3. Computational domain. P 0 =10 5 Pa, T 0 =293 K.
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 4 Figure 4. Illustration of the grid topology and grid point distribution (Grid 1). The dashed red line indicates the nozzle exit diameter and the bold black lines illustrate the O-H grid topology edges
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 526 Figure 5. Streamwise distributions along the lipline (r/D=0.5) of streamwise, radial and azimuthal grid sizes for grids 1 and 2

  based on the estimated nozzle exit boundary layer friction velocity), which is larger than the recommended values for ZDES mode 3 to reach accurate friction coefficient values on a flat plate. The effect of such rather coarse azimuthal resolution with regards to the objective of the present simulations is assessed in section 3.3. Let us be reminded that a Wall Resolved LES of this case would require a near wall resolution 10 times finer both in the streamwise and transverse directions, hence a total grid count 100 times larger the present one (200 times compared to the coarser grid used).
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 7 Figure 7. Streamwise grid spacings of "BL" versions of Grid1 and Grid2 compared to original ones

2 .

 2 This leads to the issue of the choice of the location of the so-called IBC roughness elements and of the length of the straight part of the nozzle to be computed. As for the ZDES mode 2 simulations, the only metrics available to drive such choice is the experimental boundary layer thickness at the nozzle exit plane. Therefore the definition of the nozzle length and IBC roughness elements location depends on the boundary layer growth downstream of the IBC elements. This was assessed in the present work by trial and error using preliminary lowcost computations on a reduced setup involving the nozzle mesh only (i.e. a pipe of diameter D and large streamwise extension, with a subsonic outlet boundary condition). It lead to setting the length of the straight part of the nozzle at x/D= -3.4 and the IBC elements at x/D= -2.4, where the local boundary layer is around 1 mm. It is acknowledged
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 89 Figure 8. ZDES modes definition for the ZDES mode 3+2 simulations

Following

  usual practices and fundamental studies of Daude et al.[START_REF] Daude | Local optimization of the convergence rates of implicit time advancements for LES of complex flows[END_REF], the time step was set to 1 µs to reach a maximum CFL number based on the maximum acoustic velocity 𝑎 (𝐶𝐹𝐿 = (𝑢+𝑎)∆𝑡 min 𝜒∈{𝑥,𝑦,𝑧} ( ∆χ)) of 15-20 in the LES parts of the ZDES simulations. After an initial transient of 200 D/U j (0.03 s) corresponding to the establishment of a pseudo-steady flow, the total simulation time used for data analysis and statistics collection is 300 D/U j for all simulations. The statistical convergence of the results is illustrated in Figure10for the ZDES mode 2 -Grid2 case, which shows that the computation of the flow statistics over T avg = 300 D/U j is adequate in the frame of the present work. The simulations results were then time and azimuthally averaged so that in the following, U is the streamwise velocity, V is the radial velocity and W is the azimuthal one.
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 10 Figure 10. Influence of the statistics collection time (T avg ) on the mean and RMS velocity along the lipline and centerline
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 11 Figure 11. Snapshots of the simulations. Contours of vorticity magnitude (color) and gradient of density (greyscale)
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 12 Figure 12. Snapshots of the simulations. Close-up on the nozzle exit, magnitude of vorticity
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 131415 Figure 13. Fields of eddy-viscosity near the nozzle exit
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 16 Figure 16. Streamwise evolution of boundary layer thickness and momentum thickness
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 17 Figure 17. Streamwise evolution of the maximum value of RMS of streamwise, wall-normal and azimuthal velocity (respectively u,v,w) in the nozzle boundary layer
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 18 Figure 18. Nozzle exit boundary layer profiles at x/D=0.04
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 19 Figure 19. RMS of streamwise (u), normal (v) and azimuthal (w) velocities and shear stresses (uv)
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 20 Figure 20. Streamwise velocity spectra in the nozzle boundary layer
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 21 Figure 21. Spatial Fourier transform of the streamwise velocity fluctuations in the nozzle boundary layer
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 2235 Figure 22. PSD of streamwise velocity along the nozzle axis

  highlights the fact the early stages of the development of the shear layer are strongly affected by the lack of resolved turbulence in the nozzle exit boundary layer in the ZDES mode 2 simulations, for both grids. In these simulations, a small overshoot of the streamwise mean and RMS occurs around x/D~0.1. This is consistent with the mean flow visualisation of Figure14. This overshoot is classically observed in jet simulations with initially laminar shear layer[START_REF] Huet | Influence of boundary layers resolution on heated, subsonic, high Reynolds number jet flow and noise[END_REF] [23] [24][START_REF] Stich | Hybrid RANS/LES Simulation of Jet Surface Interaction Noise[END_REF] and is caused by the vortex shedding and pairing phenomena occurring in the vicinity of the nozzle exit for ZDES mode 2 simulations which involve a RANS-to-LES transition at the nozzle exit. This overshoot is suppressed for the ZDES mode 3 simulations, even with the coarser grid, which supports the assumption that the RANS-to-LES transition is responsible for the overshoot.
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 23 Figure 23. Mean and RMS streamwise velocity profiles along the nozzle lip. Left: over the whole jet. Right: close-up on the early shear layer development
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 24 Figure 24. PSD of streamwise (left) and radial (right) velocity in the shear layer close to the nozzle lip
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 2536 Figure 25. PSD of streamwise (top row) and radial (bottom row) velocity in the shear layer
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 26 Figure 26. Near-field pressure spectra

  

Table 1 . Experimental boundary layer parameters

 1 

		δ 99 /D	Momentum thickness θ/D	Displacement thickness δ 1 /D	Shape factor H	Re θ
	Exp. Pprime	0.08	0.0077	0.012	1.56	7700

Table 2 . Evaluation of grid sizes from reference literature compared to present grids

 2 

		Streamwise	Radial	Azimuthal
		r=D/2, x<15D	0 < r < 2D	r=D/2
		Δx/D	Δr/D	rΔθ/D
	Brès et al. [6]	0.007 ~ 0.03	0.004 ~ 0.05	0.0003 ~ 0.01
	Huet [7]	0.003 ~ 0.05	0.003 ~ 0.02	0.026
	Lorteau et al. [8]	0.0006 ~ 0.02	0.0006 ~ 0.02	0.007 ~ 0.015
	Bogey&Marsden [54] « new »	0.003 ~ 0.015	0.0015 ~ 0.015	0.003

Table 3 . Grid counts in the streamwise

 3 

(Nx), radial (Nr) and azimuthal (Nθ) directions. Note that the total grid count is not equal to Nx*Nr*Nθ due to the O-H grid topology

https://static.cambridge.org/resource/id/urn:cambridge.org:id:binary:20180810131123823-0776:supmat:20180810131123823-0776:S0022112018004767sup001.zip
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