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This study deals with the development of a numerical wire mesh screen model for the unsteady simulation of aeroacoustic configurations. Such devices are indeed of growing interest for practical applications because they potentially lead to significant noise-reduction effects. Numerical simulations including wire mesh screens are therefore of major interest to optimize their possible location and properties, as well as to get a better understanding of the involved physical phenomena. On the basis of several finely resolved unsteady simulations (direct numerical simulation and large-eddy simulation) of the flow through an isolated wire mesh sample, a numerical wire mesh screen model is proposed and calibrated. An application of the method to the tandem cylinder test case is then performed for different screen locations and porosities. The introduction of wire mesh screens in the flow is observed to lead in some cases to a significant reduction of the radiated noise, by up to 8 dB. I. Introduction D UE to continuous improvement in the design of modern aircraft aeroengines, airframe noise has become one of the prominent components of aircraft noise during approach and landing [START_REF] Dobrzynski | Almost 40 Years of Airframe Noise Research: What Did We Achieve?[END_REF]. Landing gear is generally considered to be the main source of airframe noise for large airliners. Therefore, substantial efforts are made to reduce this noise and to develop effective noise-reduction devices. Numerous efforts have been made in the last decades to reduce landing gear noise. Among possible passive solutions, the addition of fairings around selected landing gear elements appears as a promising noise-reduction technology. However, solid fairings could in some cases increase the noise instead of reducing it [START_REF] Dobrzynski | Experimental Assessment of Low Noise Landing Gear Component Design[END_REF][START_REF] Boorsma | Bluff Body Noise Control Using Perforated Fairings[END_REF]. As an alternative, porous fairings were shown to yield significant noise reduction (e.g., Refs. [START_REF] Dobrzynski | Experimental Assessment of Low Noise Landing Gear Component Design[END_REF][START_REF] Boorsma | Bluff Body Noise Control Using Perforated Fairings[END_REF][START_REF] Murayama | Computational Study of Low-Noise Fairings Around Tire-Axle Region of a Two-Wheel Main Landing Gear[END_REF]) by locally reducing the flow velocity around components placed downstream of the fairing. Moreover, porous fairings may have significant benefits compared to solid ones in terms of weight, brake cooling, and visibility around the bogie for maintenance [START_REF] Murayama | Computational Study of Low-Noise Fairings Around Tire-Axle Region of a Two-Wheel Main Landing Gear[END_REF]. Recent flight-test evaluations on the NASA Gulfstream G-III aircraft [START_REF] Khorrami | Flight-Test Evaluation of Airframe Noise Mitigation Technologies[END_REF] report noise level reduction by 2-3 dB among the frequency range of interest by only adding porous fairings to the main landing gear. Most of the fairings considered in practice are usually made of perforated plates. Another possible material consists of wire mesh screens. These devices act similarly to perforated fairings by reducing the speed of the flow impinging on the landing gear struts, without inducing important flow displacements as a closed fairing would do. The potential of wire mesh screens in suppressing noise generation has been demonstrated as a potential valuable tool in several projects in the last decade. For instance, they were proven experimentally to yield drastic noise reductions [START_REF] Oerlemans | Reduction of Landing Gear Noise Using Meshes, Landing Gear Noise Using Meshes[END_REF] on generic configurations (single and combined struts) representative of model landing gears during the TIMPAN project (which stands for technologies to improve airframe noise). Such technologies were also evaluated by ONERA for slat noise reduction in the TIMPAN project, although with moderate success.

Nevertheless, the design of optimal porous fairings represents a significant challenge since their precise shape, location, and physical property (e.g., porosity factor) strongly depend on the characteristics of the landing gear under consideration. The optimization of porous fairings through dedicated laboratory or flight tests may therefore be very time consuming and quite expensive.

Despite the significant amount of work devoted to the testing of wire mesh turbulence screens for noise reduction, few efforts have been made up to now to include such devices in unsteady computational fluid dynamics/Computational Aero-Acoustics (CAA) simulations. The numerical simulation of the local aerodynamic and acoustic influence of a wire mesh screen on the mean flow, the turbulence structure, and the acoustic waves is a challenging objective. Indeed, such devices involve very fine flow physics, at very small scales. For that reason, it is very difficult to directly simulate them in actual computations, although some teams report unsteady simulations of the flow around landing gear with porous fairings [START_REF] Murayama | Computational Study of Low-Noise Fairings Around Tire-Axle Region of a Two-Wheel Main Landing Gear[END_REF][START_REF] Ferris | Simulations of a Full-Scale Aircraft with Installed Airframe Noise Reduction Technologies[END_REF], for a high computational cost. For instance, the lattice-Boltzmann very largeeddy simulation of Ferris et al. [START_REF] Ferris | Simulations of a Full-Scale Aircraft with Installed Airframe Noise Reduction Technologies[END_REF] required the explicit discretization of about 11,000 holes with diameters of 2 mm in the porous knee fairing placed around the main landing gear of the full-scale NASA Gulfstream G-III aircraft. Although such simulations are very useful for flow physics analysis, they cannot be considered as an option for porous fairing optimization at the present time. Therefore, numerical modeling for porous fairing surfaces appears mandatory in order to reduce the computational costs. A numerical modeling of wire screens for flow and noise control was, for instance, proposed by Okolo et al. [START_REF] Okolo | Numerical Modeling of Wire Screens for Flow and Noise Control[END_REF] using a volume-averaged method implemented in an improved delayed detached-eddy simulation solver. Their approach introduces virtual screen porous regions in the computational domain, where sink correction terms are added in the Navier-Stokes momentum equations. The correction terms are composed of two parts: a viscous loss term, and an inertial loss term. They rely on two prescribed matrices, which are user-defined empirical coefficients. These terms account only for the pressure loss and turbulence alteration in the porous region.

The present study represents another attempt to develop a wire mesh numerical model well suited for unsteady simulations such as large-eddy simulation (LES) or hybrid Reynolds-averaged Navier-Stokes (RANS)/LES methods. The proposed approach accounts for wire mesh screens, using a local immersed boundary method, in order to represent them as virtual boundary conditions. Three effects of the wire mesh are taken into account in the model: the pressure loss, the velocity deflection, and the energy cascade toward the small turbulent scales generated by the wire mesh.

The paper is organized as follows: Sec. II presents briefly the numerical method used for the study. Then, a numerical wire mesh model is proposed and calibrated in Sec. III using a set of finely resolved simulations of an isolated wire mesh pattern. This model is then applied in Sec. IV to the noise control prediction of the tandem cylinder configuration using zonal detached-eddy simulation (ZDES) [START_REF] Deck | Recent improvements in the Zonal Detached Eddy Simulation (ZDES) Formulation[END_REF][START_REF] Deck | Towards an Enhanced Protection of Attached Boundary Layers in Hybrid RANS/LES Methods[END_REF]. Several configurations, corresponding to different possible wire mesh screens locations, have been investigated.

II. Numerical Method

The simulations presented in this study have been carried out using ONERA's in-house research solver FUNk. The numerical scheme used to perform these unsteady computations is the modified AUSM+(P) scheme [START_REF] Mary | Large Eddy Simulation of Flow Around an Airfoil Near Stall[END_REF] that minimizes the numerical dissipation by introducing a wiggle detector.

Time integration uses a second-order implicit backward-Euler scheme, which involves a Newton subiteration process at each time step. Following the approach developed in Ref. [START_REF] Daude | Self-Adaptive Newton-Based Iteration Strategy for the LES of Turbulent Multi-Scale Flows[END_REF], the number of subiterations is adjusted dynamically in each computational block in order to ensure a convergence of the residuals by at least one order of magnitude.

The computations reported in Sec. IV are based on mode 2 of ZDES, with the vorticity-based length scale definition (see Ref. [START_REF] Deck | Recent improvements in the Zonal Detached Eddy Simulation (ZDES) Formulation[END_REF] for details). The underlying turbulence model is the Spalart-Allmaras (SA) model [START_REF] Spalart | A One Equation Turbulence Model for Aerodynamic Flows[END_REF].

All the simulations reported in this paper have been done using recent developments of the FUNk solver to implement an immersed boundary methodology on Cartesian octree grids. These grids are generated quasi automatically using ONERA's pre-and postprocessing tool Cassiopee [START_REF] Benoit | Cassiopee: A CFD Pre-and Post-Processing Tool[END_REF]. To avoid the use of too fine grid resolutions, wall models are used in the vicinity of solid surfaces. These models make it possible to impose locally appropriate values of the flow variables in a fringe of near-wall grid points, using source terms in the Navier-Stokes equations. The modified Navier-Stokes equations read

∂ρ ∂t 1 -f ∂ ∂x j ρu j fS ρ ( 1 
)
∂ρu i ∂t 1 -f ∂ ∂x j ρu i u j ∂p ∂x i - ∂ ∂x j σ ij fS ρu i (2) ∂ρE ∂t 1 -f ∂ ∂x j ρE pu j ∂ ∂x j Q j - ∂ ∂x j σ ij u i fS ρE (3) 
where ρ, u, p, ρE, σ, and Q stand, respectively, for density, velocity vector, pressure, total energy, viscous stress tensor, and heat flux vector. The tag variable f is defined as f 1 for the corrected nearwall points and f 0 elsewhere. The source terms are defined as

S ρ - 1 Δt ρ -ρ T (4) 
S ρu i - 1 Δt ρu i -ρ T u i;T (5) 
S ρE - 1 Δt p -p T γ -1 1 2 ρu i u i -ρ T u i;T u i;T ( 6 
)
where Δt is the time step. The variables with subscript "T" denote "target" values for the flow variables given by the wall model. In the specific case of the ZDES approach considered in this study, the additional SA transport equation for the pseudodynamic eddy viscosity ρν is modified as well, introducing the source term

S ρν - 1 Δt ρν -ρ T νT (7) 
Several wall models are available in the solver, in addition to a simple linear interpolation:

1) The first one is the analytical law proposed by Musker [START_REF] Musker | Explicit Expression for the Smooth Wall Velocity Distribution in a Turbulent Boundary Layer[END_REF].

2) The second one relies on the resolution of the thin boundarylayer equations (TBLEs) on local wall-normal one-dimensional (1-D) grids aligned with each near-wall point to be computed [START_REF] Wang | Dynamic Wall Modeling for Large-Eddy Simulation of Complex Turbulent Flows[END_REF]. The standard version of this method makes use of a classical Prandtl mixing-length model.

3) The last one relies on an improved version of the TBLE method (referred to as SA-TBLE). This method has recently been developed at ONERA, where an additional 1-D transport equation base on the SA model is also resolved for the turbulent viscosity. A similar approach was also recently proposed by Berger and Aftosmis [START_REF] Berger | An ODE-Based Wall Model for Turbulent Flow Simulations[END_REF].

For each point near the wall, we consider the local coordinate system based on the vectors tangential ξ and normal η to the wall (see Fig. 1). The tangential vector is defined using the local velocity vector u as

ξ u -u ⋅ ηη ku -u ⋅ ηηk (8) 
The external point is chosen such that it is located far enough from the wall to be interpolated using only "fluid" points, and it is not affected by the wall model (a typical wall-normal distance of η ext 4Δx is retained in this study, where Δx is the local grid resolution). In the present SA-TBLE method, an auxiliary 1-D grid is introduced between the wall and the external point, on which simplified boundary-layer equations (derived from the Navier-Stokes equations) are resolved. Assuming equilibrium between the convective and pressure gradient terms, the following equation is considered for the tangential velocity coordinate u ∕∕ u ⋅ ξ:

∂u ∕∕ ∂t ∂ ∂η ν ν t ∂u ∕∕ ∂η ( 9 
)
where ν is the fluid kinematic viscosity. Although the classical TBLE model involves a mixing-length model for the turbulent viscosity ν t , a more general approach is considered in our SA-TBLE method. Here, the turbulent viscosity is computed by resolving the following simplified 1-D equation, derived from the Spalart-Allmaras transport equation for the pseudoeddy viscosity ν:

∂ν ∂t c b1 Ω ν 1 σ ∂ ∂η ν ν ∂ν ∂η c b2 ∂ν ∂η 2 -c w1 f w ν d 2 ( 10 
)
where the vorticity term reduces to Ω ∂u ∕∕ ∂η . The different constants and functions involved in Eq. ( 10) are those from the classical SA model [START_REF] Spalart | A One Equation Turbulence Model for Aerodynamic Flows[END_REF]. The turbulent viscosity is defined as ν t f v1 ν, where the damping term f v1 reads

f v1 χ 3 χ 3 7.1 3 with χ ν ν ( 11 
)
The set of coupled equations [Eqs. ( 9) and [START_REF] Deck | Towards an Enhanced Protection of Attached Boundary Layers in Hybrid RANS/LES Methods[END_REF]] is resolved on the 1-D auxiliary grid to provide an appropriate value for u ∕∕ at the corrected near-wall point, with boundary conditions given by a noslip condition at the wall and interpolated field values at η η ext . Furthermore, a nonpenetrating condition is imposed for the wallnormal component: u ⊥ η η∕η ext ⋅ u ⊥ η ext . Pressure is assumed constant in the wall-normal direction, whereas density is computed by considering a Crocco-Busemann relationship for temperature (see, for instance, Ref. [START_REF] Tamaki | Near-Wall Modification of Spalart-Allmaras Turbulence Model for Immersed Boundary Method[END_REF]).

A preliminary study performed on the tandem cylinder configuration (not reported in this paper) has shown a significant superiority of the SA-TBLE wall model among the others. This model will therefore be retained for all the ZDES computations presented in this study.

III. Development of a Numerical Wire Mesh Model

A. General Framework

The aim of this study is to develop a numerical model to mimic locally the presence of wire meshes in unsteady simulations relying on LES or RANS/LES approaches. In such methods, the largest turbulent scales are directly resolved, whereas scales typically smaller than the local grid spacing are taken into account thanks to a model. Figure 2 shows typical wire mesh samples that may be under consideration. The wire mesh aperture and wire diameter of these devices are usually very small (aperture of some few millimeters). Therefore, such devices cannot be directly resolved in unsteady simulations of a realistic configuration, where the grid resolution is generally coarser than the wires diameter. In such cases, the small turbulent scales generated by the wire mesh should then be treated as a subgrid content by proper modeling of their effect. The introduction of such elements in numerical simulations therefore requires a mathematical wire mesh model to be developed, which is one of the main objectives of the present study.

The proposed method relies on an extension of the immersed boundary method to the modeling of the wire mesh screens. This method has the advantage that it allows for a quite easy inclusion of complex shapes, which may be the case in practical configurations.

The general strategy is the following (see Fig. 3): 1) A fringe of computational points to be corrected is identified on each side of the wire mesh. The width of this fringe of points is kept as small as possible, to limit modeling artifacts, according to the stencil of the numerical scheme (see Fig. 4). If the stencil associated to one cell center crosses the wire mesh, the usual spatial scheme cannot be applied directly and the cell is tagged as a corrected cell where the wire mesh model needs to be applied.

2) For each of these points A, two corresponding distant points A 1 and A 2 are introduced on each side of the wire mesh, using the unit normal vector at point A. These two points are placed sufficiently far away from the wire mesh so that they can be interpolated using a stencil of only uncorrected (i.e., "pure fluid") points. In this study, a second-order accurate Lagrange interpolation is used at points A 1 and A 2 . The distance of these points to the wire mesh is directly related to the stencil of the numerical scheme used for the spatial discretization of the convective and diffusive terms. To improve the compactness of our modeling treatment, points A 1 and A 2 are located approximately at the minimal distance from the wire mesh that guarantees proper interpolation. The most critical case occurs when the angle between the vector normal to the wire mesh and the x (or y) axis is equal to 45 deg. In this case, for the second-order-accurate Lagrange interpolation and the spatial numerical scheme retained in this study, the minimal distance between the wire mesh and the reference points A 1 and A 2 is 2.5 2 p Δx ≃ 3.54Δx for two-dimensional geometries. In this study, this distance has been rounded to δ A 1 δ A 2 4Δx. For a fully three-dimensional wire mesh geometry, this distance shall be increased at least to 2.5 3 p Δx ≃ 4.33Δx. Although the choice of δ A 1 and δ A 2 remains quite arbitrary and solver dependent, the authors recommend keeping it close to its minimal acceptable value since too large distances may lead to a spatial decoupling between the wire mesh model and the incident flow.

3) Using these two points, an estimate of the flow variables at the wire mesh surface point W is performed (see the developments in the next sections).

4) Using the information at the two points A 1 and W, a simple linear reconstruction of target flow variables ϕ at point A is finally considered:

ϕ T A δ A δ A 1 ϕA 1 1 - δ A δ A 1 ϕW (12) 
where δ A is the distance from the wire mesh surface at point A, and ϕ stands for the velocity components or pseudoeddy viscosity. As will be detailed in Sec. III.C, specific relationships are imposed for pressure and density.

5) The target values of ρ T , u i;T , p T , and νT are then locally imposed to all corrected points, at each time step, by the use of the source terms [Eqs. [START_REF] Murayama | Computational Study of Low-Noise Fairings Around Tire-Axle Region of a Two-Wheel Main Landing Gear[END_REF][START_REF] Khorrami | Flight-Test Evaluation of Airframe Noise Mitigation Technologies[END_REF][START_REF] Oerlemans | Reduction of Landing Gear Noise Using Meshes, Landing Gear Noise Using Meshes[END_REF][START_REF] Ferris | Simulations of a Full-Scale Aircraft with Installed Airframe Noise Reduction Technologies[END_REF]] in the modified Navier-Stokes equations, as was done for the wall model (see Sec. II).

The proposed method therefore makes use of the aerodynamic quantities fW at the wire mesh surface, which require a proper modeling. For that purpose, several effects of the wire mesh on the flow have to be accounted for:

1) The first effect is a flow deflection from an upstream angle of incidence to a downstream one, i.e., a modification of the velocity components. In the following, the flow velocity components at the wire mesh surface u i w will be modeled as functions of the "upstream" ones u i;up , taken either at point A 1 or at point A 2 , depending on the sign of the normal component of velocity at point A 1 . This quantity indeed indicates whether the flow is entering or exiting the wire mesh at point W. The upstream velocity components are therefore defined as follows:

u i;up u i A 1 if u A 1 ⋅ n < 0 u i A 2 elsewhere ( 13 
)
where n denotes the unit vector normal to the wire mesh surface, oriented toward point A 1 . The proposed dependency between the velocity components at point A and the inflow velocity components will be addressed in Sec. III.C.

2) The second effect is a pressure loss when the flow passes through the wire mesh, usually defined using the pressure resistance coefficient [START_REF] Laws | Flow Through Screens[END_REF]:

K p up -p down 1∕2ρ up u 2 i;up ( 14 
)
where p up and p down denote, respectively, the values of pressure upstream and downstream of the wire mesh [according to relation ( 13)].

3) Another effect of the wire mesh is also the generation of fine turbulent scales, or a transfer of energy from large to small scales, when the flow passes through the grid. As already stated, the physical characteristic sizes of the wire mesh (wire diameter and wire mesh aperture) usually remain small compared to the characteristic computational grid resolution so that a turbulence model is required to account for the generation of these fine scales. In the LES/detachededdy simulation framework, the common approach to account for unresolved turbulence is to introduce a turbulent viscosity to mimic the cascade of energy from large resolved scales to small unresolved ones. A specific wire mesh turbulent viscosity therefore also has to be defined. Its derivation is also addressed in Sec. III.C.

The wire mesh model calibration requires reference data, properly documenting the effect of several wire meshes, at several incidences with respect to the flow, in simple flow conditions. Several experimental works already provide a significant amount of information for the flow deflection and pressure loss. However, modeling of the impact of wire mesh on downstream turbulent flow physics requires specific information (e.g., local Reynolds stresses), which is hardly available from experiments. It was therefore decided to perform complementary numerical experiments based on direct and largeeddy simulations of an isolated wire mesh sample. This numerical study is presented in the next section.

B. Numerical Experiment of an Isolated Wire Mesh Sample

We focus here on the simulation of an isolated planar wire mesh pattern, placed at the streamwise location of x 0. Several simulations have been performed, either with one or four wire mesh patterns. Periodicity boundary conditions are used in the two transverse directions of y and z (see Fig. 5). The inflow velocity has been chosen to match the one of the tandem cylinder test case presented in Sec. IV, i.e., U ∞ 63 m∕s.

Two typical wire mesh sizes (wire diameter d and aperture h) based on Fig. 5 have been retained (see Table 1) with a similar porosity coefficient of β 0.64, defined as

β 1 - d h 2 ( 15 
)
It must be noted that due to the small size of the wires, the Reynolds number based on the wire diameter remains quite low, with values of Re d ≈ 330 or Re d ≈ 3300. For the lowest value, a direct numerical simulation (DNS) study can be quite easily performed, whereas an LES approach will be used for the Re d ≈ 3300 case. In this case, the subgrid model used is the selective mixed-scale model (see, for instance, Ref. [START_REF] Sagaut | Large-Eddy Simulation for Incompressible Flows[END_REF]).

Several incidences of the flow with respect to the wire mesh normal vector have been considered: α 0, 22.5, 45, and 67.5 deg.

The simulations have been performed using the immersed boundary method. For the low-Reynolds-number case, a simple linear velocity reconstruction near the walls has been retained; whereas a wall model based on the TBLE approach is used for the Re d ≈ 3300 case. In all cases, Cartesian octree grids with near-wall refinement have been generated around the wire mesh patterns (see Fig. 6) using ONERA's in-house tool Cassiopee [START_REF] Benoit | Cassiopee: A CFD Pre-and Post-Processing Tool[END_REF]. The grids used are composed of 12.5 to 92 million points, depending on the size of the computational domain and the number of wire mesh patterns (see Table 1). Downstream of the wire mesh element, the grid resolution is kept constant up to the end of the computational domain, with a grid spacing of Δx 5d∕64. This resolution has been selected such that 128 grid points are present in the y and z directions, respectively, which is a commonly adopted grid resolution for the simulation of isotropic homogeneous turbulence in this Reynolds number range, with a similar ratio between the integral scale and the computational domain width. For all the simulations, the nondimensional time step is ΔtU ∞ ∕d 4 × 10 -2 , which corresponds to a convective Courant-Friedrichs-Lewy number of 0.5 in the turbulent region downstream of the wire mesh. The grid is successively refined by a factor of two close to the wire mesh surface and down to a near-wall grid resolution of Δx 5d∕512. This value has been chosen to ensure a reasonable representation of the curved surfaces, although the objective is not to finely simulate the flow around each wire. This grid resolution represents about 100 points per wire diameter, in each direction, which perfectly meets that requirement. The near-wall grid resolution expressed in wall units has also been computed. Its maximal values are respectively about 0.73 for the low-Reynolds-number case and 1.2 for the higher-Reynolds-number case, which ensures a good resolution of the boundary layers developing around the wires.

Table 1 summarizes all the simulations that have been carried out. It must be noted that for the α 0 deg case, a significantly longer domain has been considered in order to properly investigate the development of turbulence downstream of the wire mesh. It was found out that the computational domain used for the one-pattern simulations was actually not sufficiently wide to allow for a correct development of the turbulent scales downstream of the wire mesh due to the imposed transverse periodicity. For that reason, only the results from the four-pattern simulations will be presented and discussed in this paper.

Figure 6 (right) displays an instantaneous view of the flow obtained for the α 0 deg case: the development of a turbulent wake downstream of the wire mesh can be observed, leading to the generation of small-scale turbulent structures.

To analyze the results, time-averaged flow variables will be considered, as well as spatial averages over y-z planes at several streamwise stations. Unsteady data sampling has also been performed, along several y-z planes downstream of the wire mesh, in order to compute spatial correlations, turbulence scales, and kinetic energy spectra.

The transition process to fine-scale turbulence can be clearly observed in Fig. 7. It is interesting to note that the squared-pattern arrangement of the wires leads to a stabilization of the wakes as compared to a classical wake development behind a single cylinder: no von Kármán street vortices are really observed. Turbulence appears to be generated by shear layer instabilities and by the mixing of the respective wakes of the wires. As expected, much finer scales are observed for the higher-Reynolds-number case, as well as a faster transition to turbulence in the wire mesh wakes. The growth and decay of turbulence downstream of the wire mesh are then monitored: Fig. 8 shows the streamwise evolution of the plane-averaged rms velocity fluctuations. After a growth phase, a decay of the rms fluctuations is observed with power-law decay, which is in good agreement with the literature (see, for instance, Refs. [START_REF] Kurian | Grid-Generated Turbulence Revisited[END_REF][START_REF] Djenidi | Lattice Boltzmann Simulation of Grid-Generated Turbulence[END_REF]). It is also noticeable that isotropy is only reached after a significant distance downstream of the wire mesh. This delay in the isotropy recovery is also reported in experimental studies. For instance, Groth and Johansson [START_REF] Groth | Turbulence Reduction by Screens[END_REF] reported a distance of about 20 mesh widths downstream of the mesh before isotropy was recovered. As already observed in Fig. 7, a faster growth of instabilities and transition to fully developed turbulence is observed for the higher-Reynolds-number case. It can be observed that, when a fully turbulent state is reached, the resolved velocity fluctuations of the higher-Reynolds-number case are of the same order of magnitude as the ones of the low-Reynolds-number case, with rms levels only about 13% higher.

Using the data stored on several y-z planes, turbulent kinetic energy spectra have been computed. Figure 9 shows the streamwise evolution of the turbulent kinetic energy spectral distribution for the two Reynolds numbers. The spectra have been averaged over 20 time samples for smoothing. As expected, the energy associated to the finer scales is decaying spatially. A k -5∕3 inertial range is barely visible for the low-Reynolds-number case, whereas the higher-Reynolds-number case exhibits quite a large inertial range. Looking at Fig. 9 (far right), it can be seen that the overall level of the spectra is similar for the low-and higher-Reynolds-number cases but with very different spectral distribution of the energy. Slightly more energy is indeed present at low wave numbers for the lower-Reynolds-number case, whereas the high-Reynolds-number case exhibits more energy at higher wave numbers. This spectral balance is probably the reason why the resolved velocity fluctuations have approximately the same amplitude in Fig. 8. This was carefully checked by comparing the resolved kinetic energy computed using the rms velocity fluctuations and the one obtained by direct integration of the energy spectra over all wave numbers.

The streamwise evolution of two characteristic turbulent length scales has also been investigated. Using the unsteady data stored on the streamwise planes, the transverse integral scales have been computed as

Λ y Z L y 0 R v 0 v 0 y dy and Λ z Z L z 0 R w 0 w 0 z dz ( 16 
)
where R v 0 v 0 and R w 0 w 0 denote, respectively, the two-point autocorrelation functions of the two transverse components of velocity; and L y L z is the computational domain half-width. TERRACOL AND MANOHA

The transverse Taylor microscale λ y has also been computed. Its definition is

1 λ 2 y - 1 2 
∂ 2 R v 0 v 0 ∂y 2 y0 ( 17 
)
In practice, this quantity was computed as the intercept of the osculating parabola of R v 0 v 0 y with the y axis.

These two length scales are reported in Fig. 10. The integral scales are observed to grow continuously all along the computational domain, indicating that its width is sufficient to correctly represent the downstream evolution of turbulence. From these plots, it is also noticeable that the ratio between the integral scale and the Taylor microscale is quite small for the low-Reynolds-number case, which is fully consistent with the short inertial range observed on the turbulent kinetic energy spectra. For both scales, a power-law growth is observed. The following fitting laws, in good agreement with experimental observations [START_REF] Laws | Flow Through Screens[END_REF][START_REF] Kurian | Grid-Generated Turbulence Revisited[END_REF], have been derived:

Λ y;z d ≃ 5 8Re d 1∕4 x -x 0 d 1∕2 ( 18 
)
λ y d ≃ 10 Re d 1∕2 x -x 0 d 1∕2 ( 19 
)
where the virtual origin is found to be x 0 ≃ 0, as in Ref. [START_REF] Kurian | Grid-Generated Turbulence Revisited[END_REF]. Figure 10 also displays the Kolmogorov scale η. This scale is estimated from the values of Λ y;z and λ y , using the following classical laws involving the turbulent dissipation ε, the turbulent kinetic energy k e , and the kinematic viscosity ν:

Λ y;z k 3∕2 e ε ; λ y 10k e ν ε r ; η ν 3 ε 1∕4 ( 20 
)
yielding η λ 6 y 1000Λ 2 y;z 1∕4 ( 21 
)
It can be seen in Fig. 10 that, overall, the grid resolution Δx remains smaller than the Kolmogorov scale, even for the higher-Reynoldsnumber case. This shows the adequacy of the grid to represent the smallest active scales.

C. Numerical Wire Mesh Model 1. Pressure

As stated previously, the pressure at the forcing points near the wire mesh surface is defined using the pressure resistance coefficient K [see relation [START_REF] Benoit | Cassiopee: A CFD Pre-and Post-Processing Tool[END_REF]]. Several expressions are available in the literature for the pressure resistance coefficient K. In this study, the empirical expression proposed in Ref. [START_REF] Kurian | Grid-Generated Turbulence Revisited[END_REF] will be retained:

K ≃ 0.5 26Re -1 d 1 -β 2 β 2 ( 22 
)
where we recall that β 1 -d∕h 2 is the porosity of the wire mesh, and Re d is the Reynolds number based on the wire diameter. The definition of the pressure at the forcing points consists of two steps: first, the pressure at the wire mesh surface is computed as the mean value between the pressure upstream and downstream of the wire mesh:

p w 1 2 p up p down ( 23 
)
In a second step, the target value of pressure p T at a corrected point upstream or downstream of the wire mesh is computed as

p T p w s w K 4 ρ up u 2 i;up (24) 
where s w 1 upstream of the wire mesh, and s w -1 downstream. This expression enforces the pressure drop defined by relation [START_REF] Benoit | Cassiopee: A CFD Pre-and Post-Processing Tool[END_REF].

Velocity Components

We focus here on the velocity change of the flow through the wire mesh. For that purpose, the velocity is decomposed into a normal component of u n u ⋅ n and a tangential one of u t u ⋅ t, where the tangential vector is computed as t uu n n∕juu n nj. It is worth noting that this two-component decomposition is also fully valid in three dimensions.

Figure 11 presents, for each flow incidence, the streamwise variation of the plane-averaged normal and tangential components of velocity. From this figure, it first appears that the normal component of velocity remains quite unaffected when crossing the wire mesh. The tangential component of velocity is, however, significantly modified. Gibbings proposed the following relation for the deflection coefficient Δ v through the screen [START_REF] Gibbings | The Pyramid Gauze Diffuser[END_REF]:

Δ v u t;down u t;up ≃ K 4 2 1 1∕2 - K 4 ( 25 
)
The value of Δ v obtained by this relation is indicated as a dashed horizontal line in Fig. 11. It exhibits a very nice agreement with the DNS result, and will therefore be retained in our wire mesh model.

The proposed expressions for the velocity components at the wire mesh location are

u n;w u n;up ( 26 
)
u t;w Δ v u t;up (27) 
where the deflection coefficient Δ v is computed using relation [START_REF] Jenkins | Characterization of Unsteady Flow Structures Around Tandem Cylinders for Component Interaction Studies in Airframe Noise[END_REF].

Density

According to relation [START_REF] Jenkins | Measurements of Unsteady Wake Interference Between Tandem Cylinders[END_REF], the normal component of velocity is conserved through the wire mesh. Therefore, the conservation of momentum through the wire mesh leads to the following simple expression for the target density value at the corrected points:

ρ T ρ up (28) 

Turbulence Modeling

As stated previously, we also introduce locally a turbulent viscosity to mimic the transfer of energy from the resolved scales to smaller scales generated when crossing the wire mesh. We classically adopt the following expression for the turbulent viscosity, which introduces a characteristic turbulence scale L t and a velocity gradient ∇U:

μ t ∝ ρL 2 t j∇Uj (29) 
A natural choice for the characteristic turbulence scale is to relate it to the wire mesh grid spacing, i.e., L t ∝ d. A characteristic velocity gradient responsible for turbulence production is ∇U ∝ ju w j∕d, where we recall that d denotes the wire diameter and ju w j u 2 n;w u 2 t;w q . The turbulent viscosity is therefore expressed as

μ t ρC t ⋅ d ⋅ ju w j ( 30 
)
where C t is a modeling coefficient that needs calibration. For that purpose, the analysis of the statistical fields from our simulations is of great help. Using these fields, it is possible to compute the local values of the Reynolds stress components R ij hρu 0 i u 0 j i, where the brackets denote a temporal average.

We then aim at finding the optimal turbulent viscosity that minimizes the residual modeling error

E ij R d ij 2μ t S d ij ,
where the superscript d refers to the deviatoric part of the tensors and S ij 1 2

∂ ũi ∂x j ∂ ũj ∂x i
, where the tilde refers to Favre-averaged quantities. A least-square minimization strategy leads to the following optimal value of the turbulent viscosity:

μ t;opt - R d ij S d ij 2S d ij S d ij ( 31 
)
Figure 12 shows the distributions of this optimal turbulent viscosity for two values of the flow incidence.

Using the spatial distributions of the optimal turbulent viscosity, a homogenization strategy has been done: this quantity has been averaged over y-z planes at all streamwise locations and for each incidence. The optimal corresponding value of the modeling coefficient can then be computed as

C t μ t;opt ρdju w j (32) 
Figure 13 shows the distribution of the computed optimal C t values. A reasonable overall fit is obtained between all the different cases. From these plots, it was finally chosen to retain the maximal value of C t as the modeling parameter, i.e., C t ≃ 0.065.

Since the turbulence model used for ZDES in this study is based on the Spalart-Allmaras model [START_REF] Spalart | A One Equation Turbulence Model for Aerodynamic Flows[END_REF], an additional step is needed to obtain values for the turbulent pseudoviscosity instead of the turbulent viscosity given by Eq. [START_REF] Garbaruk | DDES and IDDES of Tandem Cylinders[END_REF]. Indeed, the turbulent pseudoviscosity ν and turbulent viscosity ν t μ t ∕ρ are linked by the relationship μ t ρf v1 ν, where the damping term f v1 is a nonlinear function of ν [see Eq. ( 11)]. Therefore, this relation cannot be directly inverted so that a Newton iterative process is used to estimate ν from the value of μ t given by Eq. [START_REF] Garbaruk | DDES and IDDES of Tandem Cylinders[END_REF]. Starting from the initial guess ν0 ν t , the following relation is applied iteratively:

νn νn-1 -f v1 νn -ν t ∕ ∂f v1 ∂ν ( 33 
)
until jf v1 ν -ν t j < ϵ, where ϵ is a user-defined convergence threshold. In our experience, convergence to ϵ 10 -7 is achieved rapidly in about three iterations of the Newton process.

D. Numerical Performance of the Model

In this section, the proposed model and its numerical implementation are evaluated using simple simulations of a planar wire mesh sample placed in a uniform flow. Since no turbulence is directly resolved in the following simulations, only two-dimensional RANS Spalart-Allmaras simulations will be performed. In order to mimic the behavior of the ZDES approach away from solid walls, the As displayed in Fig. 14, the computational domain extends from x∕d -250 to x∕d 250 in the streamwise direction and from y∕d -50 to y∕d 50 in the vertical one, where d is the wire diameter. The planar wire mesh sample is located at x 0. Its characteristics are the same as the ones from the low-Reynoldsnumber case considered in Sec. III.B, i.e., d 0.08 mm and β 0.64. The simulations are performed on uniform Cartesian grids, with inflow and outflow boundary conditions in the streamwise direction and periodicity boundary conditions in the vertical one. Two sets of computations have been performed:

1) The first set includes simulations at a fixed grid resolution of Δx∕d 2 and varying flow incidence with respect to the wire mesh normal vector of α 0, 22.5, 45, and 67.5 deg.

2) The second set includes simulations at a flow incidence α 45 deg, with a varying grid resolution with respect to the wire diameter of Δx∕d 1, 2, 4, 8, and 12. In all cases, the grid resolution is chosen such that the wire mesh patterns and the generated turbulent structures remain unresolved and only taken into account by the model. For the coarser grid resolutions, the size of the computational domain had to be marginally modified so that it could be discretized using the imposed grid resolution.

Figure 15 presents the mean velocity components and pressure distributions from the simulations with varying incidence and a fixed grid resolution of Δx∕d 2, compared to the DNS results from Sec. III.B. First of all, it is noticeable that these variables agree very well with their expected behavior and that the jump of u t and p through the wire mesh at s∕d 0 is very well predicted by the simulations. Although some differences are observed with respect to the DNS, the agreement is fair and these quantities perfectly follow the laws from the wire mesh model, i.e., relations ( 26), [START_REF] Neuhart | Measurements of the Flowfield Interaction Between Tandem Cylinders[END_REF], and ( 14), where the deflection coefficient Δ v and pressure resistance coefficient K are estimated by relations ( 25) and ( 22), respectively. Indeed, in all cases, the a posteriori values of these parameters obtained from the simulations are Δ v 0.810 and K 0.830, which are in almost perfect agreement with their respective theoretical values of Δ v 0.813 and K 0.833. This indicates that the numerical implementation of the wire mesh model using our extension of the immersed boundary method is efficient. As expected, none of the simulations are able to recover the variations of velocity and pressure in the wake just downstream of the wire mesh (typically between s∕d 0 and s∕d 20), the aim of the present method being to model its effect on the mean flow quantities.

Figure 16 presents the results obtained for a fixed incidence α 45 deg of the flow with respect to the wire mesh normal vector, using different grid resolutions, ranging from Δx∕d 1 to Δx∕d 12. Whatever the grid resolution, the respective jumps of u t and p through the wire mesh remain very well predicted, even on the coarsest grid, with an almost perfect agreement of the computed values of Δ v and K with their theoretical values. As expected, a smoothing of the discontinuity is observed over a distance of 2Δx∕d, which corresponds to the minimal width of the fringe of points corrected by the model. Therefore, the use of coarse grids introduces an artificial enlargement of the wire mesh but does not affect the accuracy of the predicted jump relations for pressure and velocity.

IV. Application: Tandem Cylinder Test Case A. Tandem Cylinder Configuration

This well-known configuration represents one of the classical test cases for the aeroacoustics community, representative of the interactions between the struts of a landing gear. Several experiments, performed by NASA, are available on this configuration [START_REF] Jenkins | Characterization of Unsteady Flow Structures Around Tandem Cylinders for Component Interaction Studies in Airframe Noise[END_REF][START_REF] Jenkins | Measurements of Unsteady Wake Interference Between Tandem Cylinders[END_REF][START_REF] Neuhart | Measurements of the Flowfield Interaction Between Tandem Cylinders[END_REF], as well as a significant amount of numerical results (e.g., Refs. [START_REF] Lockard | Tandem Cylinder Noise Predictions[END_REF][START_REF] Uzun | An Application of Delayed Detached Eddy Simulation to Tandem Cylinder Flow Field Prediction[END_REF][START_REF] Garbaruk | DDES and IDDES of Tandem Cylinders[END_REF][START_REF] Weinmann | Tandem Cylinder Flow and Noise Predictions Using a Hybrid RANS/LES Approach[END_REF][START_REF] Lockard | Summary of the Tandem Cylinder Solutions from the Benchmark Problems for Airframe Noise Computations-I Workshop[END_REF]). A summary of contributions was presented at the Benchmark problems for Air frame Noise Computations (BANC) workshop (see Ref. [START_REF] Lockard | Summary of the Tandem Cylinder Solutions from the Benchmark Problems for Airframe Noise Computations-I Workshop[END_REF] for a review). This test case was therefore retained in the framework of a European-Chinese collaborative project named IMAGE (which stands for innovative methodologies and technologies for reducing aircraft noise generation and emission). This project focuses on innovative technologies that may lead to airframe and engine noise reduction for potential industrial use, as well as the methodologies to conduct analysis and optimization of these noise-reduction technologies.

In this project, several experiments of the tandem cylinder configuration have been carried out in China by the Aircraft Strength Research Institute (ASRI) from the Aviation Industry Corporation of China for both a baseline case as well as for several controlled cases that introduce wire mesh screens in the flow, with the objective to reduce the noise emissions. Due to technical constraints of the wind tunnel (blockage effect), the diameters of the cylinders had to be reduced compared to the reference NASA case to conduct the experiments. As a consequence, the inflow velocity has been increased in order to get a similar Reynolds number value. Table 2 provides a comparison of the NASA and ASRI flow and geometrical parameters, where D denotes the diameter of the cylinders, L c is the distance between the two cylinders' axes, and U ∞ is the inflow velocity. It is worth noting that both the Reynolds number and the separation distance between the cylinders are the same so that similar flow behaviors are expected.

B. Simulation of the Baseline Tandem Cylinder Configuration

Three ZDES computations of the baseline configuration have been conducted: the first one using NASA's flow conditions and a spanwise extent L z 4D, and two using ASRI's wind-tunnel flow conditions, with two different spanwise extents of L z 4D and L z 8D, respectively. Figure 17 shows a two-dimensional (2-D) cut of the grid, which has been retained for the study. This octree grid has been generated around the configuration using ONERA's inhouse pre-and postprocessing tool Cassiopee [START_REF] Benoit | Cassiopee: A CFD Pre-and Post-Processing Tool[END_REF]. Local grid refinement has been used in critical areas of the flow, such as the near-wall region, the gap between the cylinders, and the downstream wake. The near-wall grid spacing is 5.9 × 10 -3 D, which corresponds to a nearwall resolution in a range of wall units. Grid refinement is also introduced upstream of the configuration, where a turbulence screen will be introduced later on (see Sec. IV.C). The spanwise grid resolution is 30 grid cells per diameter. This resolution was selected according to previous numerical works based on hybrid RANS/LES methods [START_REF] Lockard | Tandem Cylinder Noise Predictions[END_REF][START_REF] Uzun | An Application of Delayed Detached Eddy Simulation to Tandem Cylinder Flow Field Prediction[END_REF][START_REF] Garbaruk | DDES and IDDES of Tandem Cylinders[END_REF][START_REF] Weinmann | Tandem Cylinder Flow and Noise Predictions Using a Hybrid RANS/LES Approach[END_REF], as a good compromise between an accurate flow description and a moderate cost of the simulations, to allow for a parametric study on the wire mesh screen's location and properties. However, if fully three-dimensional screen geometries were considered, the spanwise grid resolution would probably require further refinement in order to properly account for the geometrical variations of the screen shape in the span. In this study, only two-dimensional screens will be considered so that the same grid will be used for the controlled cases presented in Sec. IV.C. The three-dimensional grid is composed of about 26 Million of points (Mpts) for the L z 4D case and 52 Mpts for the L z 8D case. Periodicity boundary conditions are classically used in the spanwise direction. The time step used for the simulations is Δt 5 × 10 -6 s.

Figure 18 presents the wall-pressure coefficient distribution obtained using both NASA and ASRI flow conditions compared to the measurements performed by NASA [START_REF] Jenkins | Characterization of Unsteady Flow Structures Around Tandem Cylinders for Component Interaction Studies in Airframe Noise[END_REF][START_REF] Jenkins | Measurements of Unsteady Wake Interference Between Tandem Cylinders[END_REF][START_REF] Neuhart | Measurements of the Flowfield Interaction Between Tandem Cylinders[END_REF] in the Langley Basic Aerodynamics Research Tunnel (BART) and in the Quiet Flow Facility (QFF). Although the simulations agree very well with each other, the agreement with the experiments is not perfect, with a general trend in the simulations to underestimate the pressure suction peaks on both cylinders. This is most probably due to the use of a wall model to represent the surfaces of the cylinders, where a thin layer approximation is used for the wall-pressure reconstruction. Therefore, in our case, the value of pressure used to compute the wallpressure coefficient is taken at a distance of 4Δx from the wall, which is most probably higher than its real value at the wall. Moreover, the wall model used in this study does not account explicitly for the pressure gradient. This is well known for delaying separation in flow Fig. 17 2-D cut of the octree grid used for the computation (≈216;000 points in the x-y plane).

configurations with strong adverse pressure gradients, as is the case here. The improvement of the wall model will be the subject of future studies, but it falls out of the scope of the present study. Figure 19 presents the results obtained using both NASA and ASRI flow conditions compared to the particle image velocimetry (PIV) measurements performed by NASA in the BART wind tunnel. The simulations agree quite well with the measurements, except in the aft region of the downstream cylinder, which is a general trend in all the simulation results available on this configuration. Again, the simulations tend to delay flow separation and might be improved using a more advanced wall model accounting for pressure gradient effects. The use of more refined grids or higher-order numerical schemes than the second-order-accurate scheme used in this study (see Sec. II) would also probably improve the quality of the results with respect to the measurements.

Figures 20 and21 show, respectively, the streamwise distributions of the mean streamwise velocity and the resolved 2-D kinetic energy along the y 0 line. The agreement with NASA's experimental results is not perfect, but the simulation results follow the general trend of those reported in the literature (see, for instance, Refs. [START_REF] Uzun | An Application of Delayed Detached Eddy Simulation to Tandem Cylinder Flow Field Prediction[END_REF][START_REF] Garbaruk | DDES and IDDES of Tandem Cylinders[END_REF][START_REF] Lockard | Summary of the Tandem Cylinder Solutions from the Benchmark Problems for Airframe Noise Computations-I Workshop[END_REF]). It is noticeable that, in the wake of the downstream cylinder, the data better agree with the measurements when the downstream cylinder is tripped. This was also observed by Lockard in his paper summarizing the contributions from the BANC workshop [START_REF] Lockard | Summary of the Tandem Cylinder Solutions from the Benchmark Problems for Airframe Noise Computations-I Workshop[END_REF]. Anyway, it is worth noting that the three simulations, performed respectively in NASA and ASRI flow conditions, with several spanwise extents agree very well with each other.

Figure 22 shows the wall-pressure Power Spectral Density (PSDs) obtained, respectively, at 135 deg on the upstream cylinder and 45 deg on the downstream cylinder, expressed using the Strouhal number based on the upstream velocity U ∞ and cylinder diameter D. Again, the results of the three simulations agree quite well, with small differences in amplitude on the downstream cylinder between the ASRI and NASA cases. This is most probably attributable to the Mach number difference. On the upstream cylinder, a faster decay of the PSD is observed in the simulations above St 1. This can probably be explained by the use of the wall model with a moderate grid resolution, which delays a bit the formation of instabilities near the separation point.

Considering the negligible differences between the results obtained using, respectively, the 4D and 8D spanwise extents, the following computations of the controlled configuration will be performed with a spanwise extent of 4D in order to save computational resources.

Finally, Fig. 23 presents the acoustic spectra, obtained using a porous Ffowcs-Williams & Hawkings (FWH) approach in the frequency domain, at three microphone locations (points A, B, and C) corresponding to the measurements performed by NASA in the QFF wind tunnel. The levels are corrected in all cases, using Kato et al.'s correction [START_REF] Kato | Numerical Prediction of Aerodynamic Noise Radiated from Low Mach Number Turbulent Wake[END_REF], to account for the difference between the simulated span (L z 4D) and the experimental one (L z 16D). Due to the Mach number difference between the NASA and ASRI configurations, the PSDs have been corrected according to a M 6 scaling for the simulation performed in ASRI flow conditions. Overall, a good agreement with the measurements is observed, in both flow conditions, although the first harmonic of the main tonal peak is overpredicted.

C. Simulation of Controlled Tandem Cylinders' Configurations

The proposed wire mesh model based on relations ( 26), ( 27), [START_REF] Gibbings | The Pyramid Gauze Diffuser[END_REF], and (30) has been implemented in the ZDES solver and tested on the tandem cylinder configuration for several possible wire mesh screen locations and properties. In Ref. [START_REF] Terracol | Development of a Wire Mesh Screen Model for Unsteady Simulation of Noise Reduction Devices, with Application to the Tandem Cylinder Configuration[END_REF], several wire mesh screens consisting of circular arcs were considered, although no experimental data were available for comparison at that time. In the present study, nine different configurations associated to the use of three different screens for three wire mesh porosities are considered. In all cases, the wire mesh screens are straight samples normal to the streamwise direction and centered on the y axis with a vertical extent of 1.5D (60 mm). The three screens' geometries and locations (referred to as S1, S2, and S3) are detailed in Fig. 24. These screens have been tested experimentally by the ASRI in the framework of the European Union (EU)-China collaborative project IMAGE. The measurements conducted by the ASRI have been performed in their anechoic facility, which are displayed in Fig. 25. The room size is 4 m width × 6 m height × 6 m length. The rectangular nozzle exit plane has a width of 280 mm and a height of 400 mm. The tandem cylinders' configuration is placed vertically between two end plates, with the upstream cylinder located 200 mm downstream of the nozzle exit plane. The ratio between the spanwise length of the cylinders and their diameters (40 mm) is L z ∕D 10. To ensure a fully turbulent shedding process, the boundary layers on the upstream cylinder are tripped using thin emery strips. The radiated acoustic field is measured using ten B&K 4189 microphones, located on a circular arc at 1.5 m from the center of the upstream cylinder, between 40 and 130 deg.

As detailed in Table 3, three different wire mesh properties have been considered, corresponding to three values of the porosity parameter β : 0.49, 0.66, and 0.79. They have been retained for each of the wire mesh screens depicted in Fig. 24. In all cases, the wire diameter is smaller than the local grid resolution, with Δx∕d ratios of the order of those considered in Sec. IV.D.

All the controlled simulations have been started from the established baseline solution. After a transient time of 50 ms, data sampling and averaging have been performed for 100 ms. This sampling time represents about 158 characteristic times based on the cylinder's diameter and freestream velocity. The baseline simulation has also been pursued, following the same procedure, to allow for a perfectly fair and accurate comparison of the different simulations.

Instantaneous snapshots of the flow are shown in Fig. 26, using numerical Schlieren visualization, for each configuration. First of all, it is interesting to note that the numerical wire mesh model does not seem to introduce significant spurious noise. The wire mesh screen leads in some cases in quite significant changes of the cylinders' wakes dynamics, with respect to the baseline configuration. More precisely, thin shear layers are generated at the extremities of the screen. They are mostly visible for screens S1 and S2, and they appear to be more and more intense as the wire mesh porosity is decreased, i.e., when less flow is allowed to cross the screen surface. For screen S1, a secondary large-scale wake is observed downstream of the screen. This wake has a significant confinement effect on the tandem cylinder flow and a global stabilizing effect on the upstream cylinder's wake: the large-scale flapping of the wake of the upstream cylinder seems to be ducted by the upper and lower shear layers. This effect is more significant for screen S2, located directly in the wake of the upstream cylinder, except for the highest value of porosity (β 0.79). On the one hand, for this high-porosity case, the screen's shear layers are of rather low intensity and mix rapidly with the upstream cylinder's wake. On the other hand, lower values of porosity lead to a very significant change of the flow dynamics, where the large-scale vertical flapping of the wake between the two cylinders is significantly attenuated. Finally, the third screen location (S3)

does not appear to have a significant effect on the flow dynamics between the cylinders. For the lowest value of the porosity, a slight deviation of the turbulent structures toward the extremities of the screen is, however, visible. This deviation slightly increases the vertical flapping of the wake downstream of the second cylinder. Figure 27 displays instantaneous snapshots of the normalized turbulent viscosity. For case S1, where the screen is located in freestream, it is noticeable that modeled turbulence is created just downstream of the screen but rapidly dissipated. Therefore, this small-scale turbulence does not reach the boundary layers of the upstream cylinder, as was observed in a previous study [START_REF] Terracol | Development of a Wire Mesh Screen Model for Unsteady Simulation of Noise Reduction Devices, with Application to the Tandem Cylinder Configuration[END_REF]. It is worth noting that in all cases, modeled turbulence remains present in the screen shear layers, where the grid resolution is not sufficient to resolve the turbulent scales. The magnitude of the turbulent viscosity predicted by the SA-ZDES model in these regions increases as the wire mesh porosity decreases, i.e., when the screen becomes closer to a solid fairing. Its magnitude remains, however, of the typical order of a subgrid viscosity encountered in LES.

Figure 28 displays the mean flow topology obtained for each configuration. For configuration S1, it is worth noting that the presence of the screen upstream of the cylinders significantly reduces the overall velocity seen by the configuration. This effect is really striking for the lowest value of the wire mesh porosity. In this case, the tandem cylinder configuration is located directly in the wake of the turbulence screen, where the flow is decelerated. However, no other significant change in the mean flow topology is observed. The behavior of the flow is very different for case S2: for the highest value of porosity, no significant change of the mean flow is observed with respect to the baseline configuration. However, for the lowerporosity values (β 0.66 and β 0.49), a massive change of the flow topology is observed: the wake of the upstream cylinder attaches to the downstream cylinder so that they act as a single body to the flow. This behavior resembles a lot the second flow state reported by Lockard in his summary paper [START_REF] Lockard | Summary of the Tandem Cylinder Solutions from the Benchmark Problems for Airframe Noise Computations-I Workshop[END_REF]. This state seems to be a bifurcation of the solution to a secondary stable state. As stated by Lockard [START_REF] Lockard | Summary of the Tandem Cylinder Solutions from the Benchmark Problems for Airframe Noise Computations-I Workshop[END_REF], it was observed by several authors on the baseline tandem cylinder case, depending on the chosen numerical approach or computational grid. Experimental works conducted in the BART facility of NASA also report it but for a shorter separation distance between the cylinders [START_REF] Neuhart | Measurements of the Flowfield Interaction Between Tandem Cylinders[END_REF]. Therefore, the bifurcation observed in the present case might be due to an overall downstream shift of the upstream cylinder's wake induced by the screen when its porosity is lower than a specific threshold. In this case, the flow behavior becomes similar to the one encountered in the baseline case, with a shorter separation distance between the two cylinders. The bifurcation may then be generated due to the fact that the instability of the wake detached from the upstream cylinder is closely interfered by the downstream cylinder when the gap between the two cylinders becomes relatively short. The exact bifurcation process from one stable state to another is very sensitive and should not be considered as a systematic way to reduce interaction noise. Moreover, it was found out, on the basis of additional simulations, that the bifurcation process is highly dependent on the initial state of the simulation when the specific screen porosity of β 0.66 is considered. Indeed, for this porosity, two different solutions could be obtained, depending only on the initial state. This value of porosity probably represents a critical value that triggers the transition from one stable state to the other one. Therefore, the results associated to this very specific case should be taken with caution. This point may therefore receive specific attention in future studies. Finally, for configuration S3, a slight reduction of the length of the upstream cylinder's recirculated area is observed, which might be due to the partial blockage of the flow by the screen further downstream. For the lowest value of the wire mesh porosity (β 0.49), a significant change of the mean flow topology occurs in the wake of the downstream cylinder. In this case, the flow is also significantly decelerated around the downstream cylinder, as it was the case around the whole configuration for case S1. As a consequence, the length of the mean recirculated area in its wake is significantly increased. This may be explained by a change of flow regime for the downstream cylinder, due to the effective reduction of the Reynolds number. This is consistent with the increased vertical flapping of its wake observed in instantaneous snapshots (see Figs. 26 and27).

Figure 29 presents the wall-pressure spectra, computed on the upstream cylinder, at θ 135 deg. For configuration S1, no significant change of the overall amplitude of the pressure fluctuations is seen. However, the main broadband peak, due to the vortex shedding on the upstream cylinder, moves gradually to lower frequencies as the wire mesh porosity decreases. The Strouhal number, based on U ∞ and D, is shifted from 0.23 (baseline case) to 0.15 (β 0.49 case). It is worth noting that the ratio between these two Strouhal number values is about 0.65, which is close to the ratio observed on the mean streamwise velocity close to the upstream cylinder surface, for these two cases. Therefore, flow deceleration by the wire mesh is most probably the main cause of the frequency shift to lower frequencies. The most significant change with respect to the baseline configuration is observed for case S2 for the lower values of porosity (β 0.66 and β 0.49). As stated before, in these cases, the vortex shedding of the upstream cylinder is completely suppressed by the turbulence screen in its wake. As a consequence, the amplitude of the surface pressure fluctuations is strongly decreased. For the highest value of porosity (i.e., when the flow dynamics is not significantly affected by the screen), the wall-pressure spectrum is close to the baseline one, although a slight shift of the main peak frequency is present. This might be due to a partial blockage of the flow by the screen just downstream of the cylinder, resulting in a slight flow deceleration. For case S3, the main broadband peak is also shifted to lower frequencies due to flow deceleration through the wire mesh, as was observed for case S1, although the differences are less pronounced. The overall amplitude of the pressure fluctuations is observed to increase as the wire mesh porosity decreases.

Figure 30 shows the spectra computed on the downstream cylinder at θ 45 deg. From a general point of view, the shift in frequency of the main peak noticed on the upstream cylinder is recovered. Indeed, this peak is associated to the impingement of the large-scale vortices shed from the upstream cylinder on the downstream one. For configuration S1, the overall level of the wall-pressure PSD decreases as the wire mesh porosity is decreased. The amplitude of the main tonal peak is also reduced by more than 10 dB for the lower porosity value. This reduction is probably due to the decrease of velocity around the tandem cylinders. The effect of the screen is even more pronounced for configuration S2. Here, the gradual change of flow regime when decreasing the wire mesh porosity can be clearly evidenced: the highest-porosity screen (β 0.79) has almost no effect on the wall-pressure PSD, except a slight shift of the main tonal frequency. The use of the intermediate porosity (β 0.66) suppresses the main tonal peak, although no significant effect is observed on the broadband content. The lowest-porosity screen suppresses the main tonal peak as well but also leads to a very important reduction of the overall level. This additional broadband reduction may also be due to a velocity decrease around the downstream cylinder due to the wire mesh screen. The use of screen S3 has less impact on the wallpressure PSD on the downstream cylinder. More specifically, the screens with porosity values of 0.79 and 0.66 only marginally reduce the amplitude of the main peak and the overall broadband level. The use of the lowest-porosity screen leads, however, to a substantial reduction of the PSD level: again most probably due to the velocity decrease around the downstream cylinder.

Finally, far-field noise predictions have also been performed using a porous FWH approach in the frequency domain, implemented in ONERA's in-house MIA solver. For that purpose, a porous surface has been introduced for data sampling (see Fig. 31). This surface exactly follows grid lines of the computational mesh so that no interpolation techniques are necessary. It is located sufficiently far away from the wake to prevent vortices passing through the surface.

The grid resolution at the surface's location allows waves up to a frequency of 12 kHz to be well resolved by the numerical scheme (with 15 points per wavelength). Note that the porous surface is kept open downstream of the cylinders to avoid being crossed by the turbulent wake. The far field is predicted at numerical probes corresponding to ASRI's wind-tunnel microphones locations, placed at 1.5 m from the center of the upstream cylinder, for observation angles ranging from 30 to 150 deg (see Fig. 32).

The computed acoustic directivities for configurations S1, S2, and S3 are reported, respectively, in Figs. 33, 34, and 35, where they are compared to ASRI's wind-tunnel measurements. The levels are corrected in all cases, using Kato et al.'s correction [START_REF] Kato | Numerical Prediction of Aerodynamic Noise Radiated from Low Mach Number Turbulent Wake[END_REF], to account for the difference between the simulated span (L z 4D) and the experimental one (L z 10D). Numerical and experimental acoustic results from the baseline configuration are also plotted as reference. First of all, it is noticeable that the overall agreement between the simulations and the experiment is satisfactory, although the agreement is better for downstream observer angles. The potential noisereduction effect of the screens is quantitatively well predicted for all configurations, including cases where the screen has no effect on the radiated noise. This demonstrates the potential of the proposed numerical model for future parametric studies. Figure 36 reports the computed acoustic intensity difference with respect to the baseline configuration for the three screen locations. In all cases, it is worth noting that the wire mesh porosity of β 0.79 does not lead to any noise reduction, whatever the screen location. It may even introduce spurious additional noise at some observation locations. Lower-porosity values therefore have to be considered in order to sufficiently alter the flow dynamics and the radiated noise. Still, significant noise-reduction levels are obtained for screens S1 and S2 with porosity factors of β 0.66 and β 0.49. In these cases, the noise reduction reaches about 5 dB for all observation points for screen S1 and up to 8 dB at 110 deg for screen S2. As stated before, the effect of the screen on the flow for configurations S1 and S2 is very different so that the noise-reduction mechanisms probably differ quite a lot. For both cases, the change from β 0.66 to β 0.49 does not significantly modify the overall noise reduction so that the value β 0.66 should probably be preferred for technological implementations, since it lets more flow pass through the screen. Finally, screen location S3 does not exhibit any noise-reduction capability, whatever the porosity.

Finally, Fig. 37 compares the computed far-field acoustic spectra to ASRI's measurements for one single microphone at θ 90 deg. On the one hand, it must be noted that in the baseline case, the main tonal peak is obtained at a Strouhal number of 0.19 in the experiments, which is unusual for a flow around cylinders in this Reynolds number range. On the other hand, the simulation predicts a main peak at a Strouhal number of about 0.23, which is in much better agreement with NASA's measurements and previous numerical studies (e.g., Ref. [START_REF] Lockard | Summary of the Tandem Cylinder Solutions from the Benchmark Problems for Airframe Noise Computations-I Workshop[END_REF]). The exact reason for the main peak Strouhal number underestimation in the experiments remains unclear at the present time. Moreover, in all cases, a plateau at about 50 dB is present in the experimental PSD above St ≃ 2. This is actually due to the background noise of the wind tunnel.

Although differences are visible between the computed and measured spectra for the controlled cases, there is an overall reasonable agreement between the simulations and the experiments. Apart from the mismatch in the main peak frequency, there is a persistence of the first harmonic in the simulations, which is not present in the experiments. The overall shape and level of the spectra are, however, quite reasonably predicted. For screen S1, the gradual shift of the main tonal peak toward lower frequencies, due to the decrease of the mean flow velocity when the screen porosity is decreased, is well recovered. For screen S2, a strong decrease of the main tonal peak magnitude is observed as porosity is decreased. This effect is too strong in the simulation with β 0.66, which probably represents a critical value of the screen porosity corresponding to a competition between two flow regimes, which is hard to simulate. Finally, screen S3 does not exhibit any significant change in the characteristics of the far-field spectra, which is in good qualitative agreement with the measurements.

In all cases, no significant increase of the high-frequency content is observed, whereas additional high-frequency noise is expected when turbulence screens are introduced due to vortex shedding from the wire meshes [START_REF] Oerlemans | Reduction of Landing Gear Noise Using Meshes, Landing Gear Noise Using Meshes[END_REF]. This is consistent with the modeling approach chosen in this study, which does only account for the energy cascade from the large resolved scales to the small turbulent scales generated by the wire mesh. These smaller scales, however, remain treated as subgrid scales, and are therefore unresolved: in the present study, the grid resolution near the screens is Δx ≃ 0.48 mm, which is larger than the wire's diameter in all cases. However, depending on the computational grid density, such scales may be supported in some cases. The method may then possibly be refined in future studies to synthesize smaller scales downstream of the screens, depending on the local adequacy of the grid to resolve them. This will, however, be quite tricky and would probably introduce spurious nonphysical noise as well as a possible unwanted backscatter effect in the flow. Moreover, such scales do not contribute significantly to the overall sound level in the far field [START_REF] Oerlemans | Reduction of Landing Gear Noise Using Meshes, Landing Gear Noise Using Meshes[END_REF] so that explicitly resolving them remains questionable.

V. Conclusions

In this study, a numerical wire mesh screen model has been proposed for the unsteady simulation of aeroacoustic configurations. This model is based on a modified immersed boundary method that allows for a quite simple inclusion of complex screen shapes in a numerical simulation. On the basis of several computations of the flow through an isolated wire mesh sample, a model has been proposed and calibrated for the aerodynamic quantities' modifications through the wire mesh. This model modifies the velocity components and the pressure using the porosity β and resistance K coefficients, whereas small-scale turbulence generation is accounted for by a specific turbulent viscosity.

An application of the method to the well-known tandem cylinder test case has been performed. First, the baseline configuration has been computed using an immersed boundary method applied on a Cartesian octree grid in flow conditions matching those of experimental works conducted by the ASRI in the framework of the EU-China IMAGE project. The results obtained on this configuration exhibit a good agreement with reference results from the BANC workshop.

Then, several simulations introducing wire mesh screens in the flow have been performed using the proposed model for nine configurations corresponding to three different locations of the screen and three different porosities of the wire mesh (β 0.79, 0.66, and 0.49). In all cases, the radiated noise predicted by the simulations presents a nice agreement with wind-tunnel measurements, which demonstrates the performance of the proposed numerical wire mesh model. Among the selected screen locations, two configurations are observed to yield significant noise-reduction levels with respect to the baseline case: configuration S1, where the screen is placed upstream of the tandem cylinder, yields far-field noise-reduction levels of about 5 dB; for configuration S2, where the screen is placed in the near wake of the upstream cylinder, reduction levels up to 8 dB could be obtained. Among the selected wire mesh porosities, a reduction from β 0.79 to β 0.66 yields a significant improvement of the noise-reduction capability. However, a more drastic reduction to β 0.49 did not change the overall noise reduction much compared to β 0.66. Therefore, the value of β 0.66 represents the best choice for the wire mesh porosity in the present study since it lets more flow pass through the screen than a wire mesh screen with β 0.49.

The physical analysis of the flow showed that the mechanisms associated to these noise reductions are quite different between the two configurations. For configuration S1, the main mechanism is most probably a velocity decrease around the configuration due to the shielding provided by the screen placed upstream. For configuration S2, a bifurcation of the solution to a secondary stable flow state was observed, depending on the wire mesh porosity. In this second state, the vertical flapping of the upstream cylinder wake is significantly attenuated and the tandem cylinder configuration acts as a single body. However, this phenomenon is very specific and most probably limited to the present configuration. Other tests should therefore be performed to address the performance of a screen placed in the near wake.

In future studies, additional possible locations and shapes of the wire mesh screens will also be considered, as well as different screens properties (porosity and wire diameter). The present approach is indeed aimed at providing a better understanding of the noise-reduction mechanisms and at optimizing the screen's properties and locations to get the best possible noise-reduction effect in practical applications, such as realistic landing gears.

Possible improvements of the model itself may also be addressed, including its ability to account for some grid resolutions that would allow for a partial resolution of the wire mesh self-turbulence (i.e., when Δx ≪ d). In this case, only part of the wire mesh turbulence should then be treated as subgrid and the parameter Δx∕d will certainly play a major role.

  the wire mesh, m K = pressure resistance coefficient k e = turbulent kinetic energy, m 2 ∕s 2 k 2D = resolved two-dimensional turbulent kinetic energy, m 2 ∕s 2 L c = distance between cylinders' axes, m p = pressure, Pa Re D = Reynolds number based on the cylinder diameter Re d = Reynolds number based on the wire diameter St = Strouhal number U ∞ = freestream velocity, m∕s u i = components of velocity (i 1; 2; 3), m∕s u n = component of velocity normal to the wire mesh, m∕s u t = component of velocity tangential to the wire mesh, m∕s x, y, z = spatial coordinates, m α = incidence with respect to the wire mesh, deg β = wire mesh porosity coefficient Δt = time step, s Δv = screen deflection coefficient Δx = grid resolution, m δ A = distance from the wire mesh surface at point A, m ε = turbulent dissipation rate, m 2 ∕s 3 Λ y = integral scale in the y direction, m Λ z = integral scale in the z direction, m λ y = transverse Taylor microscale, m ν = fluid kinematic viscosity, m 2 ∕s ν t = turbulent kinematic viscosity, m 2 ∕s μ = fluid dynamic viscosity, kg∕m∕s μ t = turbulent dynamic viscosity, kg∕m∕s ρ = density, kg∕m 3 ρE = total energy, kg∕m∕s 2
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 23 Fig. 2 Typical wire mesh samples investigated for noise reduction. Reproduced from Ref. [6].

Fig. 1

 1 Fig. 1 Local coordinate system considered for the wall model: corrected near-wall point (red), and external (interpolated) point (blue).

Fig. 4

 4 Fig.4Identification of corrected points near the wire mesh: spatial stencil of the convective scheme (red), and spatial stencil of the dissipative scheme (blue).

Fig. 6

 6 Fig. 6 Isolated wire mesh sample configuration: octree grid used, around one wire mesh pattern (left); and instantaneous isosurface of the Q Criterion colored by streamwise velocity (α 0 deg, Re d 332.8).

Fig. 5

 5 Fig. 5 Isolated wire mesh sample configuration: sketch of the wire mesh (left), and computational domain (right) (B.C. = Boundary Conditions; OASPL = Overall Sound Pressure Level).

Fig. 8 Fig. 7 Fig. 9

 879 Fig. 8 Streamwise evolution of rms velocity fluctuations (α 0 deg) normalized by the inflow velocity magnitude U 1 .

Fig. 10

 10 Fig. 10 Streamwise evolutions of turbulence length scales (α 0 deg): integral scale (left); Taylor microscale (center); and Kolmogorov scale (right).Black dashed lines refer to empirical fitting laws (18) and (19), respectively.

Fig. 12

 12 Fig. 12 Distribution of the optimal turbulent viscosity obtained from the single wire mesh element's DNS: α 0 deg (left); and α 45 deg (right).

  turbulence length (distance to the wall d w ) is forced to its expected ZDES value in free field: d w C DES Δx, where C DES 0.65[START_REF] Deck | Recent improvements in the Zonal Detached Eddy Simulation (ZDES) Formulation[END_REF].

Fig. 14

 14 Fig. 14 Computational domain used for the validation of the wire mesh model implementation.

Fig. 13

 13 Fig. 13 Streamwise distribution of the plane-averaged optimal modeling coefficient C t : short domain simulations [s x∕ cosα] for several values of the incidence α (left), and long domain simulations (right; α 0 deg).

Fig. 15

 15 Fig. 15 Planar wire mesh simulations performed on the grid with resolution of Δx∕d 2 mean streamwise velocity component (left); mean vertical velocity component (center); and pressure (right). Symbols refer to DNS results.

Fig. 16

 16 Fig. 16 Planar wire mesh simulations at α 45 deg: mean streamwise velocity component (left); mean vertical velocity component (center); and pressure (right).

Fig. 18

 18 Fig. 18 Mean pressure coefficient: upstream cylinder (left); and downstream cylinder (right).

Fig. 19

 19 Fig. 19 Comparison between computations and NASA BART PIV measurements [25-27]. From left to right, instantaneous spanwise vorticity; resolved 2-D turbulent kinetic energy in the gap region; and resolved 2-D turbulent kinetic energy in the aft region.

Fig. 20

 20 Fig. 20 Mean streamwise velocity (y 0) in the gap (left) and aft (right) regions.

Fig. 21

 21 Fig. 21 Resolved 2-D turbulent kinetic energy (y 0) in the gap (left) and aft (right) regions.

Fig. 24

 24 Fig.24Wire mesh screens' locations for the controlled tandem cylinder test case.

Fig. 25

 25 Fig. 25 ASRI's experimental setup.

Fig. 23 Far

 23 Fig. 23 Far-field pressure spectra compared to QFF measurements: NASA flow conditions (left); and ASRI flow conditions with M 6 correction applied (right). Symbols denote QFF experiment; and solid lines denote simulation.

Fig. 26

 26 Fig. 26 Instantaneous schlieren view.

Fig. 27

 27 Fig. 27 Instantaneous turbulent viscosity (0 < μ t ∕μ < 20).

Fig. 28

 28 Fig. 28 Mean flow visualization (streamwise velocity). Contour range: -0.4 < u∕U ∞ < 1.4.

Fig. 30

 30 Fig.30Wall-pressure PSD on the downstream cylinder (θ 45 deg).

Fig. 31

 31 Fig. 31 Porous FWH surface location.

Fig. 29

 29 Fig. 29 Wall-pressure PSD on the upstream cylinder (θ 135 deg)

Fig. 32

 32 Fig. 32 Microphones' locations retained for the far-field noise prediction.

Fig. 35

 35 Fig. 35 Far-field noise directivity (integration range [100 Hz-10 kHz]). Screen location S3.

Fig. 34 Far

 34 Fig. 34 Far-field noise directivity (integration range [100 Hz-10 kHz]). Screen location S2.

Fig. 33

 33 Fig. 33 Far-field noise directivity (integration range [100 Hz-10 kHz]). Screen location S1.

Fig. 37

 37 Fig. 37 Far-field pressure spectra at θ 90 deg compared to ASRI measurements.

Table 1

 1 Computational cases for the isolated wire mesh simulations Domain α, deg d, mm Re d β x min ∕d x max ∕d Patterns Method Grid points (×10 6 )

	Short	0	0.08	332.8 0.64 -12.5	32.5 1 and 4	DNS	12.5 and 50
	Short	22.5	0.08	332.8 0.64 -12.5	32.5 1 and 4	DNS	12.5 and 50
	Short	45	0.08	332.8 0.64 -12.5	32.5 1 and 4	DNS	12.5 and 50
	Short	67.5	0.08	332.8 0.64 -12.5	32.5 1 and 4	DNS	12.5 and 50
	Long	0	0.08	332.8 0.64 -27.5 252.5	4	DNS	92
	Long	0	0.8	3328	0.64 -27.5 252.5	4	LES	92

Table 2

 2 Tandem cylinder configuration: NASA and ASRI parameters

		NASA	ASRI
	U ∞ , m∕s	44	63
	D, mm	57.15	40
	Re D	166,000	166,000
	L c ∕D	3.7	3.7

Table 3

 3 Wire mesh screen properties a

	Porosity β	h, mm	d, mm	Δx∕d
	0.79	3.15	0.35	1.37
	0.66	1.23	0.23	2.09
	0.49	0.63	0.19	2.53

a See Fig.

5

for the definitions of d and h.
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