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In order to make substantial progress in reducing the environmental impact of aircraft, a key technology is the reduction of aircraft weight. This challenge requires the development and the assessment of new technologies and methodologies of load prediction and control. To achieve the investigation of the specific case of gust load, ONERA defined a dedicated research program based on both wind tunnel test campaigns and high fidelity simulations.

To reach the experimental objectives, a set-up was designed, manufactured and implemented within the ONERA S3Ch transonic wind tunnel facility. The first component, called gust generator, consists of two oscillating airfoils installed upstream of the wind tunnel test section and allows to produce air flow deflections. The second component, the test model, is a two degrees-of-freedom aeroelastic model of a supercritical airfoil. A test campaign has been performed leading to the generation of databases for high fidelity tools validation.

These databases have been used in order to assess the capabilities of the elsA code (ONERA-Airbus-Safran property) using its aeroelastic module and a gust model based on the Field Velocity Method. A validation process has been defined in order to move from experimental results obtained in the wind tunnel with wall boundaries to industrial modeling computed with farfield boundaries. The full process was applied to a transonic case with sine gust excitation signals.

INTRODUCTION

The aircraft load analysis leads to perform a large number of aerodynamic and aeroelastic simulations. Especially, the aircraft has to be designed to withstand loads resulting from gusts. Unsteady gust analyses rely usually on linear techniques in frequency domain, based on simple Doublet Lattice Methods (DLM) for the aerodynamic flow prediction [START_REF] Albano | A Doublet-Lattice Method for Calculating Lift Distributions on Oscillating Surfaces in Subsonic Flows[END_REF], [START_REF] Valente | A Doublet-Lattice Method Correction Approach for High Fidelity Gust Loads Analysis[END_REF]. These techniques are valid for subsonic flows, but could sometimes be not accurate enough to get realistic responses in the transonic regime, characterized by strong nonlinearities such as shocks and flow separation. Different approaches have been developed in order to simulate the gust response with Computational Fluid Dynamics (CFD) tools [START_REF] Raveh | CFD-Based Models of aerodynamic gust response[END_REF], [START_REF] Heinrich | Simulation of Interaction of Aircraft and Gust Using the TAU-Code[END_REF]. ONERA has implemented in the elsA software the capability to compute high fidelity aeroelastic gust responses, directly in time-domain, for different discrete gust shapes [START_REF] Liauzun | Aeroelastic response to gust using CFD techniques[END_REF]. The objective is to complement the classical aircraft manufacturer's tools during the critical response investigation phase by computing steady and unsteady aerodynamics with high fidelity tools (CFD) for a reduced number of critical configurations.

It is therefore required to have relevant experimental data to validate the models and tools for load prediction that will serve to design innovative approaches and to prove the efficiency of load alleviation methodologies. In the academic or industrial research area, there are few works conducted on the experimental investigation of gust in wind tunnel, especially for the transonic regime. Studies have been performed in low speed regime based on various mechanisms for creating an oscillating flow in a wind tunnel, as for example a rotating slotted cylinder [START_REF] Tang | Experiments and Analysis for a gust generator in a wind tunnel[END_REF] or [START_REF] Ricci | Wind Tunnel Testing of an Active Controlled Wing under Gust Excitation[END_REF] and oscillating airfoils [START_REF] Lancelot | Design and Testing of a Low Subsonic Wind Tunnel Gust Generator[END_REF]. In the transonic speed range, very few wind tunnel experiments can be identified: concepts based on oscillating vanes [START_REF] Silva | Development of Aeroservoelastic Analytical Models and Gust Load Alleviation Control Laws of a SensorCraft Wind-Tunnel Model Using Measured Data IFASD[END_REF] or using a single pitching airfoil [START_REF] Neumann | Gust Response : Simulation of an aeroelastic experiment by a fluid-structure interaction method[END_REF] have been recently built in transonic wind tunnel environments. But considering these studies, there is still a lot of work to perform in order to improve the understanding of the physical phenomena involved in fluid structure interaction with a gust perturbation and therefore to improve the definition of gust load alleviation strategies.

To achieve the experimental investigation, ONERA defined a research tool for gust load investigation in Wind Tunnel Test (WTT) conditions within the key objectives:

• to improve the understanding of a large scope of unsteady physical phenomena induced by gust with sensitivity tests relative to the Mach number (from subsonic at 0.3 to transonic at 0.73), the gust frequency (from 20 Hz to 80 Hz), the gust amplitude (up to +/-1°) for aerodynamic and aeroelastic configurations; • to generate a comprehensive and relevant experimental databases for the validation of methodologies and numerical simulation such as CFD tools.

This research tool is developed using high fidelity numerical computations for a mutual benefit. On one hand, the elsA CFD code (ONERA-Airbus-Safran property) using its aeroelastic module assesses different gust generator concepts. On the other hand, the experimental results are used for gust response validation of the elsA code.

NUMERICAL TOOLS

CFD/CSM numerical tool

The high fidelity simulation tool developed at ONERA for aeroelastic applications is based on the elsA CFD solver (ONERA-Airbus-Safran property) for the flow computation. A general framework has been developed in the aeroelastic module of elsA over the last decade, giving access in a unified formulation of several types of aeroelastic simulations, while minimizing the impact on the flow solver. The motivation of these developments, detailed in [START_REF] Girodroux-Lavigne | Progress in steady/unsteady fluid-structure coupling with Navier-Stokes equations[END_REF], [START_REF] Dugeai | Aeroelastic Developments in the elsA Code and Unsteady RANS Applications[END_REF], [START_REF] Girodroux-Lavigne | Recent Navier-Stokes aeroelastic simulations using the elsA code for aircraft applications[END_REF] is to provide a numerical tool for the prediction of various aeroelastic phenomena such as flutter or limit cycle oscillations and aerodynamic phenomena involving complex flows including shocks, vortex flow, and flow separation.

Fluid-structure coupling with a modal approach

Governing equations of the aerodynamics

A full detailed overview of the flow solver development can be found in [START_REF] Cambier | The Onera elsA CFD software : input from research and feedback from industry[END_REF], [START_REF] Gazaix | The elsA Object-Oriented Computational tool for industrial applications[END_REF]. For an aeroelastic problem, an Arbitrary Lagrangian Euler (ALE) formulation is used. The formulation adds a grid velocity (𝒗𝒗 𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 ) in the standard Eulerian formulation allowing to switch from the Eulerian formulation (fixed grid, 𝒗𝒗 𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 =0) to the lagrangian formulation (moving grid, 𝒗𝒗 = 𝒗𝒗 𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 ).

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀: 𝜕𝜕 𝜕𝜕𝜕𝜕 � 𝜒𝜒 � 𝜌𝜌𝜌𝜌𝜌𝜌 + Ω � 𝜌𝜌𝒄𝒄 ⋅ 𝒏𝒏𝜌𝜌𝑑𝑑 ∂Ω = 0 (1) 
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝜕𝜕𝑀𝑀𝑀𝑀: 𝜕𝜕 𝜕𝜕𝜕𝜕 � 𝜒𝜒 � 𝜌𝜌𝒗𝒗𝜌𝜌𝜌𝜌 + Ω � 𝜌𝜌𝒗𝒗𝒄𝒄 ⋅ 𝒏𝒏𝜌𝜌𝑑𝑑 ∂Ω = � (∇ ⋅ 𝝈𝝈 + 𝜌𝜌𝒃𝒃)𝜌𝜌𝜌𝜌 Ω (2) 𝐸𝐸𝑀𝑀𝑀𝑀𝐸𝐸𝐸𝐸𝐸𝐸: 𝜕𝜕 𝜕𝜕𝜕𝜕 � 𝜒𝜒 � 𝜌𝜌𝐸𝐸𝜌𝜌𝜌𝜌 + Ω � 𝜌𝜌𝐸𝐸𝒄𝒄 ⋅ 𝒏𝒏𝜌𝜌𝑑𝑑 ∂Ω = � (∇ ⋅ (𝝈𝝈 ⋅ 𝒗𝒗) + 𝒗𝒗 ⋅ 𝜌𝜌𝒃𝒃)𝜌𝜌𝜌𝜌 Ω (3) 
where, t is the time, 𝜒𝜒 the reference coordinate, Ω an arbitrary volume with a surface boundary ∂Ω, 𝜌𝜌 the density, 𝒄𝒄 the convective velocity, 𝒏𝒏 the normal to the boundary surface, 𝜌𝜌𝒗𝒗 the momentum, 𝜌𝜌𝐸𝐸 the specific total energy, 𝝈𝝈 the Cauchy tensor, 𝒗𝒗 the material velocity and 𝒃𝒃 the specific body force vector. The convective velocity is expressed with the material velocity and the grid velocity:

𝐜𝐜(𝜒𝜒, 𝜕𝜕) = 𝒗𝒗(𝜒𝜒, 𝜕𝜕) -𝒗𝒗 𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 (𝜒𝜒, 𝜕𝜕) (4) 
The unsteady aeroelastic simulations are performed using the dual time-stepping technique, allowing large physical time-steps and mesh and grid velocity updates from the structural solver during the iterative process.

Gust modelling in flow solver

There are several possibilities in order to implement a gust perturbation in CFD codes. One way consists in introducing the gust velocity as a disturbance on the farfield boundary conditions of the computational domain [START_REF] Heinrich | Comparison of different approaches for gust modeling in the CFD code Tau[END_REF]. The gust fluctuation is then propagated into the domain by solving the Navier-Stockes equations. The main advantage of this approach is to take into account the effect of the gust on the aircraft, but also the reverse effect of the aircraft on the gust. The main disadvantage of such modeling is the required grid refinement in order to propagate the gust from the upstream boundary to the structural model without any numerical dissipation schemes.

An alternative approach is to use the so-called Field Velocity Method (FVM) suggested by Sitaraman et al [START_REF] Sitaraman | On field velocity approach and geometric conservation law for unsteady flow simulations[END_REF] which has been implemented in elsA [START_REF] Liauzun | Aeroelastic response to gust using CFD techniques[END_REF], [START_REF] Huvelin | High fidelity numerical simulations for gust response analysis[END_REF]. A prescribed gust velocity field (𝒗𝒗 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ), depending on both space and time, is added to the grid velocity in each cell of the aerodynamic grid:

𝒗𝒗 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 (𝜒𝜒, 𝜕𝜕) → 𝒗𝒗 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 (𝜒𝜒, 𝜕𝜕) + 𝒗𝒗 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 (𝜒𝜒, 𝜕𝜕) (5) 
This modeling avoids the numerical dissipation due to the grid refinement but does not take into account the reverse effect of the aircraft on the gust [START_REF] Heinrich | Comparison of different approaches for gust modeling in the CFD code Tau[END_REF], [START_REF] Wales | Comparison of aerodynamic models for 1-cosine gust loads prediction[END_REF]. The absence of the aircraft disturbance on the gust compromise the flow physics for small gust length (less than 5 chord) and has a minor impact on large gust length (more than 30 chords) comparing to a split velocity method [START_REF] Huntley | Aeroelastic Gust Response of an Aircraft Using a Prescribed Velocity Method in Viscous Flows[END_REF].

Governing equations for the structure

The elsA aeroelastic solver uses a modal approach to compute structural displacements and velocities. The governing equation in physical coordinates is given by:

[𝑀𝑀 𝑔𝑔 ]𝒖𝒖̈(𝑋𝑋, 𝜕𝜕) + [𝐷𝐷 𝑔𝑔 ]𝒖𝒖̇(𝑋𝑋, 𝜕𝜕) + [𝐾𝐾 𝑔𝑔 ]𝒖𝒖(𝑋𝑋, 𝜕𝜕) = 𝒇𝒇(𝑋𝑋, 𝜕𝜕) (6) 
where 𝑀𝑀 𝑔𝑔 , 𝐷𝐷 𝑔𝑔 and 𝐾𝐾 𝑔𝑔 are the structural mass, damping and stiffness matrices, respectively, 𝒖𝒖(𝑋𝑋, 𝜕𝜕) the structural displacement vector depending on space 𝑋𝑋 and time 𝜕𝜕, and 𝒇𝒇(𝑋𝑋, 𝜕𝜕) the force vector such as the aerodynamic forces calculated by elsA on the fluid-structure interface. The modal analysis leads to describe the structural displacement as follows:

𝒖𝒖(𝑋𝑋, 𝜕𝜕) = � 𝑞𝑞 𝑔𝑔 (𝜕𝜕) 𝑁𝑁 𝑔𝑔=1 𝝓𝝓 𝑔𝑔 (𝑋𝑋) = [𝜙𝜙]𝒒𝒒(𝜕𝜕) (7) 
where 𝑁𝑁 denotes the number of modes which are retained for the analysis, 𝝓𝝓 𝑔𝑔 are the mode shapes, and 𝑞𝑞 𝑔𝑔 are the modal coordinates. By means of a projection of equation ( 6) on the modal basis, the structural system in modal form is given by:

[𝜙𝜙] 𝑇𝑇 [𝑀𝑀 𝑔𝑔 ][𝜙𝜙]𝒒𝒒̈(𝜕𝜕) + [𝜙𝜙] 𝑇𝑇 [𝐷𝐷 𝑔𝑔 ][𝜙𝜙]𝒒𝒒̇(𝜕𝜕) + [𝜙𝜙] 𝑇𝑇 [𝑀𝑀 𝑔𝑔 ][𝜙𝜙]𝒒𝒒(𝜕𝜕) = [𝜙𝜙] 𝑇𝑇 𝒇𝒇(𝑋𝑋, 𝜕𝜕) (8) 
If 𝒇𝒇(𝑋𝑋, 𝜕𝜕) corresponds to the aerodynamic forces, 𝐸𝐸𝑀𝑀𝑔𝑔 = [𝜙𝜙] 𝑇𝑇 𝒇𝒇(𝑋𝑋, 𝜕𝜕) is called generalized aerodynamic forces (GAF). For the elsA aeroelastic solver, the modes shape, modal mass and modal stiffness properties are usually derived from a finite-element solver in a pre-processing step. Usually, the damping on each mode 𝑖𝑖 is imposed with a damping ratio 𝜍𝜍 𝑔𝑔 as follows:

𝜌𝜌 𝑔𝑔 = 2𝜋𝜋𝑔𝑔 𝑔𝑔 𝑀𝑀 𝑔𝑔 𝜍𝜍 𝑔𝑔 (9) 
with

𝑔𝑔 𝑔𝑔 = 1 2𝜋𝜋 � 𝑘𝑘 𝑖𝑖 𝑚𝑚 𝑖𝑖
the natural frequency for the mode 𝑖𝑖.

The structural equations are solved in the time domain using a Newmark method.

Data interpolation

Structural displacements must be interpolated onto the aerodynamic grid and reciprocally aerodynamic forces must be interpolated onto the structural grid. A volume spline method [START_REF] Harder | Interpolation using surface splines[END_REF] is used in order to match the mode shapes onto the aerodynamic grid in a pre-processing step :

[𝜙𝜙 𝑓𝑓 ] = [𝐻𝐻][𝜙𝜙] (10) 
During unsteady simulations, displacements are obtained from a linear combination of the generalized coordinates and mode shapes expressed on the aerodynamic grid. The generalized aerodynamic forces on each mode are computed by the dot product of the aerodynamic forces with the mode shapes expressed on the aerodynamic grid.

𝒖𝒖 𝒇𝒇 (𝑋𝑋, 𝜕𝜕) = � 𝑞𝑞 𝑔𝑔 (𝜕𝜕) 𝑁𝑁 𝑔𝑔=1 𝝓𝝓 𝒈𝒈 𝒇𝒇 (𝑋𝑋) 𝐸𝐸𝑀𝑀𝑔𝑔 𝑔𝑔 = 𝝓𝝓 𝒈𝒈 𝒇𝒇 (𝑋𝑋) • 𝒇𝒇(𝑋𝑋, 𝜕𝜕) (11) 

Mesh deformation

A mixed analytical/transfinite interpolation technique [START_REF] Delbove | Contribution aux outils de simulation aéroélastique des aéronefs : prédiction du flottement et déformation statique des voilures[END_REF] is used to propagate the aerodynamic surface displacements in the surrounding volume aerodynamic mesh. As the CFD code uses a structured mesh, the displacement of an internal block boundary node P is computed automatically from the displacements of all "wall nodes" M from:

𝛿𝛿𝛿𝛿 = ∑ 𝛿𝛿𝑀𝑀 𝛿𝛿𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝜂𝜂 ∑ 𝛿𝛿𝑀𝑀 𝛿𝛿𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 (12) 
The coefficient 𝜂𝜂 embodies a damping function going to 1 when 𝛿𝛿 is close to the wall boundaries. This result does not depend on the matching or overlapping character of the internal boundary, and the technique is then directly operational without any change in the case of overset grids. The internal nodes of each block are then solved by a transfinite interpolation.

As a modal approach is used for unsteady coupling, individual modal mesh deformations ΔΩ 𝑔𝑔 are first computed at the beginning of the coupled simulation, using the analytical/transfinite interpolation technique. The instantaneous mesh deformation Ω 𝑛𝑛+1 of the new physical time n + 1 is then computed as a linear combination of these individual "modal" mesh deformations combined to modal coordinates of the structural dynamic system:

Ω 𝑛𝑛+1 = Ω 𝑛𝑛 + � 𝑞𝑞 𝑔𝑔 𝑛𝑛+1 𝑁𝑁 𝑔𝑔=1 ΔΩ 𝑔𝑔 (13) 

Coupling strategy

The fluid-structure coupling methodology aims to solve a problem at the fluid-structure interface:

� 𝒗𝒗 𝑭𝑭 (𝜒𝜒, 𝜕𝜕) = 𝒖𝒖̇𝑺𝑺(𝑋𝑋, 𝜕𝜕) ∫ 𝝈𝝈 𝑭𝑭 . 𝒏𝒏𝜌𝜌𝑑𝑑 ∂Ω = 𝒇𝒇 𝑺𝑺 𝒂𝒂𝒂𝒂𝒈𝒈𝒂𝒂 (𝑋𝑋, 𝜕𝜕) on ∂Ω 𝐹𝐹/𝑆𝑆 (14) 
The coupling procedure may be viewed as a fixed-point iteration method for the displacements at each time-step. For a given number of sub-iteration during a time step, the following steps are performed for each sub-iteration k (Figure 1 Tests have been performed in the research ONERA S3Ch wind tunnel located at the ONERA Meudon Center (Figure 2). This closed return wind tunnel is a transonic continuous run facility with a 0.8m x 0.8m square test section of 2.2m length. It covers a Mach number range from 0.3 to 1.2 and operates at atmospheric stagnation pressure and temperature. The top and bottom walls of the test section can be either rigid walls or deformable adaptive walls. In the latter case, the wall displacements are estimated in order to adapt the steady flow in the model area by minimizing the wall interferences. 

Gust generation in WT environment

The gust generator concept

The purpose of this device is to develop an experimental tool in order to generate relevant perturbations (gust load) for wind tunnel conditions from subsonic to transonic conditions. The concept of the gust generator is composed of two movable 2D wings fixed on the lateral walls of the wind tunnel. The gust generator is located upstream the WTT section and its functioning is based on unsteady synchronous pitch motions of the two airfoils. This architecture allows to generate a gust field downstream the test section.

The technical definition of the gust generator is based on CFD results. Unsteady RANS calculations are carried out using the elsA software and its aeroelastic functionalities. The gust generator motion is solved using chimera approach (meshes with overlapped areas, see Figure 3) with the fluid-structure coupling strategy defined in Section 2.2. The structural solver is replaced by a harmonic function describing the gust generator motion and given directly the generalized coordinates. Thus, only one sub-iteration is performed for the fluidstructure coupling algorithm.

The representativeness of the simulations results is improved by taking into account the real geometry of the WT (Figure 3). In order to limit the mesh size, wall-slip boundary conditions are imposed on the upper and lower walls of the wind tunnel and adiabatic conditions of adherent wall are applied on both airfoils. Numerical parametric studies investigate the influence of the different criteria below mentionned on the performances and possibilities in terms of gust generation:

• Effect of geometric parameters (airfoil type, chord, distance between the two wings, longitudinal position of wings); • Influence of actuating parameters (frequency and amplitude of the pitch motion); • Effect of aerodynamic conditions (angle of attack, Mach number).

The criterion in order to assess the parameter effect on the performances is the ratio between vertical (𝜌𝜌 𝑍𝑍 (𝜕𝜕) = 𝜌𝜌 𝑧𝑧 𝑚𝑚𝑚𝑚𝑀𝑀𝑛𝑛 + 𝜌𝜌 𝑧𝑧 𝑔𝑔𝑚𝑚𝑑𝑑𝑔𝑔𝑀𝑀𝑔𝑔𝑔𝑔𝑑𝑑𝑛𝑛 (𝜕𝜕)) and longitudinal (𝜌𝜌 𝑋𝑋 (𝜕𝜕) = 𝜌𝜌 𝑋𝑋 𝑚𝑚𝑚𝑚𝑀𝑀𝑛𝑛 + 𝜌𝜌 𝑋𝑋 𝑔𝑔𝑚𝑚𝑑𝑑𝑔𝑔𝑀𝑀𝑔𝑔𝑔𝑔𝑑𝑑𝑛𝑛 (𝜕𝜕)) velocities called "gust angle": 

𝛼𝛼 𝐺𝐺𝐺𝐺𝑆𝑆𝑇𝑇 (𝜕𝜕) = 𝑀𝑀𝜕𝜕𝑀𝑀𝑀𝑀 � 𝜌𝜌 𝑍𝑍 (𝜕𝜕) 𝜌𝜌 𝑋𝑋 (𝜕𝜕) � (15) 

Qualification of the gust generator

The experimental qualification of the gust generator is performed in two steps. First, a specific mechanical frame is used to arrange the two wings in a horizontal arrangement in a test rig with similar boundary conditions like the ones of the wind tunnel. Unsteady motions tests allow assessing the achievable frequency and amplitude ranges of the gust generator.

Then, a campaign in the ONERA S3Ch Wind Tunnel is carried out in order to estimate the gust field for a given frequency and amplitude ranges (Table 1). Two measurements devices are used to qualify the flow:

• An unsteady clinometric probe especially designed and manufactured for these tests. This "gust sensor" allows to investigate the unsteady flow field downstream in the test section by recording a real time signals of the gust angle. An overview of this experimental set-up is shown in Figure 5. • A two components phase averaged Particle Image Velocimetry (PIV) system composed of a double pulse laser and a high resolution camera. The laser is installed below the test section such as illuminating a vertical plane (Oxz) aligned with the flow (Figure 6). The time resolution is obtained through phase averaging locked to the airfoil motion [START_REF] Brion | Generation of vertical gusts in a transonic wind tunnel[END_REF]. In addition to probe data, PIV measurements allow to complementarily qualify the unsteady gust field. Figure 8 shows the spatio-temporal reconstructions of the longitudinal and vertical velocity components for the similar tests point presented in Figure 7. Each frame represents the flow variations over one wavelength of the gust. The influence of the walls and the effects of the wings wake (Z=+/-0.2m) are clearly emphasized with strong variations of the velocity longitudinal components while small scale disturbances are observed in central area (Z~0m). The vertical velocity field demonstrates clearly an alternating upward and downward flow, i.e. an alternating positive and negative flow angle, as function of time. The analysis along the vertical axis indicates a variation of homogeneity which is still nevertheless moderated in the center area.

Aeroelastic model

Airfoil and mounting system

In order to investigate the effects of impacting gusts on a model, a bidimensional airfoil is selected and based on the OAT15A profile ([24] - [START_REF] Jacquin | An Experimental Study of Shock Oscillation over a Transonic Supercritical Profile[END_REF]) (supercritical airfoil with a design point at Mach M = 0.73 and a thickness to chord ratio of 12.3%). The model has a 250 mm chord and a 3.2 aspect ratio.

During the design phase, on one hand, the objective was to fix the airfoil in the section as rigid as possible in order to investigate the 2D aerodynamic characteristics around the model. On the other hand, the boundary conditions of the model aim at providing the behavior of a classical two degrees-of-freedom (dof) aeroelastic model, i.e. a 2D model with a pitch and heave dof. Common heave-pitch model design approaches are reported in the literature and are devoted most of the time to flutter phenomena purposes. One of the most well-known is the Pitch And Plunge Apparatus (PAPA) developed at NASA [START_REF] Farmer | A two-degree of freedom mount system with low damping for testing rigid wings at different angles of attack[END_REF] and provides the two dof needed for classical flutter. This device consists of a fixed plate attached to the tunnel sidewall turntable, a set of fixed-end rods and a moving plate. The mount system can be dynamically tuned by the addition of masses attached to the moving plate to adjust the model center of gravity and the frequencies of structural modes. A preliminary design was based on a modified version of the PAPA concept and adapted to a symmetric mount system. Although the concept fully filled most of the specifications, the main disadvantages was the limited range of adjustment of the modal frequencies in order to avoid mode coupling. Therefore a novel concept has been studied for the design of a pitch-heave model. For each dof, the stiffness properties are driven by flexible beams with in addition an arrangement of bearings.

The mounting system is composed of two identical mountings parts located on each test section door as shown in Figure 9. For both dof, the beam stiffnesses are optimized through Finite Element Models (FEM) in order to satisfy static loads requirements and to tune dynamics properties in the frequency range of interest. The main advantage of this mount system is that pitch and heave stiffnesses can be modified independently by adjusting the length of clamping condition of each "stiffness beam".

Structural model characterization

Before the WTT campaign, an experimental characterization of the model structural behavior is performed using a mechanical frame and a massive bracket in order to simulate the mounting conditions in the wind tunnel. The static behavior of the airfoil is analyzed with the results of different static loads. At first, the main stiffness components (i.e. the "pitch and heave stiffness beams") are characterized separately. An overview of the static tests is illustrated in Figure 10 during a progressive loading performed by adding or removing some elementary mass step by step. Typical results of the mechanical strains (µdef) versus load (Force(N)) corresponding to each load case are plotted in Figure 11 for the "heave beams" indicating a good linearity and a weak dispersion on the static behavior of the different components. An important step is the qualification of the dynamic behavior of the model with the main objective to estimate the structural parameters (i.e. modal parameters such as eigenfrequencies, modal damping ratios, modal masses and mode shapes). A classical methodology of experimental modal analysis (Figure 12) is applied: the structural sensors responses are recorded using embedded and additional accelerometers relative to different excitation signals and locations of the dynamic shaker. Figure 13 gives an illustration of the first two identified mode shapes with their eigenfrequencies and damping ratios for a given set of tuning parameters (clamping condition). The main hard point is the presence of nonlinearities in the structural dynamic behavior of the model. Dynamic tests clearly emphasize that the use of bearings results in the apparition of friction especially for the heave mode. Nevertheless, a fine analysis indicates that this non linearity follows a classical behavior: the modal frequency decreases with an increase of the force level as shown in Figure 14 with an asymptotic behavior. Regarding the modes order, the modal behavior agrees with the model specifications: the two rigid modes (i.e. the heave and pitch modes) are present in the low range of the useful bandwidth of the Gust Generator, 24.7Hz and 30.1Hz respectively, while the first flexible mode (i.e. the bending mode) is located at higher frequency (77.2Hz). Also positive from a technical perspective, the modes are clean and uncoupled. In particular, the heave and pitch modes are mainly composed of rigid body components as expected. Moreover, the designed 2 dof mount system allows parametric variations of the modal frequencies depending on the clamping conditions of the "stiffness beams". Figure 15 exhibits the pitch frequency variation as a function of the free length of the "pitch stiffness beams" without any noticeable effect on the heave mode.

The experimental modal parameters are finally used in a flutter calculation with Doublet lattice Method to ensure the absence of any aeroelastic instability. Parametric analyses are considered for various clamping conditions and for the two Mach numbers of the experimental test matrix (Table 1).

Model instrumentation

In order to generate an experimental database for the validation of high fidelity numerical codes, different measurements techniques are selected for the WTT. The main part of the instrumentation consists of steady and unsteady pressure transducers arranged in two span stations: one steady and one unsteady pressure measurements sections. As the S3Ch wind tunnel is not equipped with external force balance, the estimation of aerodynamic forces and moments can be estimated by integrating the pressure distributions.

Additionally, the model is equipped with accelerometers mounted in three span stations in order to correctly handle the unsteady motions for both flexible and rigid conditions. The main embedded instrumentation is synthesized in Figure 16 and is composed of 44 unsteady pressure sensors (Kulite), 31 steady pressure sensors (pressure taps) and 12 accelerometers. In order to preserve the aerodynamic of the airfoil, the design of the model is performed without any cover or access on the upper and lower sides of the wing. Consequently, the whole model instrumentation is realized simultaneously with the manufacturing.

A clinometric probe used for the gust generator qualification is embedded on the airfoil. Measurements are performed 0.08 m ahead the leading edge. 

WTT CAMPAIGN: ANALYSIS OF THE BEHAVIOUR OF THE AEROELASTIC AIRFOIL ENCOUNTERING A GUST

WTT conditions and program

The campaign in the ONERA S3Ch Wind Tunnel aims to study the response of the aeroelastic model encountering a gust. An overview of the complete experimental set-up is shown in Figure 17. In the background, the gust generator device is located in the final part on the convergent area of the wind tunnel while the wing part of the aeroelastic model is visible downstream in the test section. In order to correctly handle gust effects on the model, the same test matrix than for the gust qualification is performed with a specific adaption of the upper and lower wind tunnel walls to the airfoil, Mach number and angle of attack (Table 2). 

Unsteady aerodynamics induced by gust

The first part of the campaign is devoted to the study of the aerodynamic phenomena induced by gust on a fixed airfoil.

The analyses of the unsteady pressure sensors located on the main chord are described in the following figures. In Figure 18, the grey surface covers all instantaneous pressure distribution recorded at high sampling rate while red and blue lines provides the time averaged data for subsonic flow (left graphic) and transonic flow (right graphic). As shown, the pressure levels fluctuations are significant in the leading edge area and the shock location oscillation is important for the transonic case. For this latest point, the pressure signal is modulated at the frequency of 30 Hz (Gust Generator Command) and the shock oscillates with a 8% chordwise amplitude between the extreme locations. Temporal snapshot of the pressure fluctuations are given in Figure 19 for various sensors. An example is illustrated on Figure 20 for the same test conditions than Figure 19. For the subsonic case, the highest magnitude of Cp is observed near the leading edge while the pressure responses appeared in phase with the gust perturbation. A quasi identical behavior can be observed on both suction and pressure sides. In the transonic domain, as previously described, a motion of the shock occurs which leads to large pressure variations in the vicinity of the shock and to a phase shift.

In order to estimate the global effects of impacting gusts on the aerodynamic behavior of the airfoil, the lift force is determined by integration of the measured pressure distribution. In this experiment, the use of unsteady pressure sensors located on the centerline (Figure 16) allows to estimate a corresponding "unsteady" lift force. Basically, for each sample time, the instantaneous pressure distribution is integrated over the airfoil's surface. In this case, the lift is calculated and expressed in a dimensionless form using the lift coefficient per unit chord length. Typical examples of the time signal of the lift coefficient are given in Figure 21 which clearly demonstrates the ability of generating significant unsteady loads on the airfoil driven by the frequency of the gust generator command. 

Aeroelastic behavior in presence of gust

For the second part of the campaign, the structural configuration is switched in "flexible case" allowing pitch and heave motion. For test conditions defined in Table 2, sine sweep signals (from 20Hz to 80Hz) are used as input data to the gust generator. The gust generator qualification campaign has shown that for a given gust generator amplitude and set of aerodynamic conditions, the measured gust angle increases with the gust generator frequency. Thus, the motion command signal is modulated as function of the time to compensate a "frequency effect" [START_REF] Lepage | A complete experimental investigation of gust load : from generation to active control[END_REF] in order to generate constant gust amplitude over the wide frequency bandwidth. Figure 22 shows typical time histories and the associated transfer function between acceleration and gust probe signals for Mach number of 0.73. 

NUMERICAL MODEL

An assessment of the gust model implemented in the code elsA (Section 2.2) is performed on one case of the experimental test matrix (Table 3). 

Computation process and case definition

In order to perform a computation as close as possible to an industrial modeling, the Field Velocity Method must be validated with farfield boundary conditions. A validation process is defined in order to move from experimental results obtained in the wind tunnel with wall boundaries to numerical results computed with farfield boundaries (Figure 23).

First, a part of the wind tunnel is modeled taking into account the gust generator, the airfoil and the upper and lower wall deformations. This modelling aims at validating the elsA software as close as possible to the experimental setup by comparing pressure field around the airfoil.

Second, the airfoil is modeled with farfield conditions (so without gust generator and wind tunnel walls) and the Field Velocity Method.

For both simulations, computations are split in two steps:

• A steady computation is performed where physical parameters (angle of attack, inlet and outlet pressure for the wind tunnel modelling and Mach number for farfield modeling) are tuned in order to fit the pressure distribution around the airfoil; • An unsteady computation is performed from the steady state in order to assess the pressure and acceleration fluctuations around the airfoil.

For the unsteady cases, the same post-processing based on Fast Fourier Transform is applied to the experimental and numerical pressure coefficient and acceleration signals in order to perform consistent and reliable comparison. 

Numerical model

From the experimental results:

• The aerodynamic phenomena around the centerline can be considered as two dimensional thanks to the analyze of pressure sensors located in the spanwise direction (Figure 16); • The gust generator qualification has demonstrated its ability to generate a reproducible and significant sine gust field (Figure 7);

• The aeroelastic model characterization has demonstrated that the two rigid modes (heave and pitch) are located in a low frequency range (24.7Hz and 30.1Hz respectively) while the first flexible mode (bending mode) is located at a higher frequency (77.2Hz).

From a modeling point a view:

• The results analysis allows considering computations with a 2D-model;

• The FVM models the gust with a sine signal;

• As the bending mode is located far from the gust frequency (25Hz), only the heave and pitch modes are taken into account in the structural model.

Two models are built: one for the WTT conditions (Figure 24) and one for the farfield conditions (Figure 25).

The wind tunnel is modeled in 2D. It takes into account the two wings of the gust generator, the OAT15 airfoil and the adapted upper and lower walls of the wind tunnel. In order to avoid any numerical approximation due to no-match or Chimera conditions, all block interfaces of the structured mesh are matched. A condition of adherent wall is imposed on each wall of the domain (upper and lower walls, airfoils). These constraints lead to a first mesh built with 316000 cells in the domain, 192 nodes on each side of the OAT15 airfoil and 100 nodes on each side of each gust generator. From this mesh, a second one is built by applying a refinement by a factor 2 along each direction. It leads to a mesh with 1.25 million of cells.

The second model consists of the same OAT15 airfoil with conditions of adherent wall on the airfoil and farfield conditions elsewhere (the wind tunnel is not modelled). A C-mesh is built around the airfoil leading to a mesh of 99 000 cells with 207 nodes on each side of the airfoil. From this mesh, two refined meshes are built by applying, respectively, a refinement by a factor 2 and 3 along each direction. It leads to meshes with 396000 cells and 891000 cells. The fluid is assumed to be a viscous perfect gas. The Wilcox (k,ω) turbulence model is used with the Zheng limiter.

The modal parameters (mass, damping ratio, stiffness and mode shape) obtained from the experimental structural characterization are used in the structural solver instead of extracting them from a finite element model. Especially, the experimental mode shapes (Figure 13) are mapped onto the aerodynamic grid using the technique described in 2.2-Data transfer.

Initial angle of attack identification

Steady computation

The aerodynamic flow is driven by the inlet and outlet pressure of the computational domain.

As only a part of the wind tunnel is modeled, the inlet and outlet pressures of the computational domain are assumed unknown. Experimentally, a probe located after the throat drives the aerodynamics conditions (Mach and static pressure) in the wind tunnel. So, both pressures are tuned until the requested Mach and static pressure corresponding to the probe measurement are found.

In fact, this approach is not sufficient to correctly reproduce the pressure field around the airfoil. A given steady flow condition imposes a static deflection on the airfoil due to the aeroelastic behavior. It leads to a modification of the initial angle of attack. The numerical steady deformation is not properly computed from the initial angle of attack in order to match the steady pressure distribution.

As the steady deformation has not been measured, the steady flow cannot be computed directly on the steady position. Therefore, the initial angle of attack is assumed unknown. The shock location is used in order to find the corresponding initial angle of attack thanks to a pressure tap and corresponding grid cell located on the shock.

The initial angle of attack, combined to the inlet and outlet pressures in the wind tunnel, are tuned until the convergence of the target parameters (Mach and static pressure, shock location) to experimental values (Figure 26). The problem is formulated with cost functions and is solved with a Newton-Raphson algorithm. The identification algorithm runs until a relative convergence less than 10 -10 on the three target parameters is achieved. A mesh sensitivity analysis is performed on two mesh refinements. The mesh sensitivity analysis shows that the two levels of mesh refinement give the same initial angle of attack (1.43°) and pressure distribution (Figure 27). Comparing numerical and experimental data, a difference appears at the shock position on the upper surface. Numerical results under-estimate the pressure on the upper surface while on the lower surface, the pressure is over-estimated. 

Unsteady computation

For the unsteady computation with wind tunnel modeling, a mesh sensitivity study is performed on two levels. For both meshes, time step sensitivity is studied with 4 levels of refinement. The gust sine signal is discretized with 16, 32, 64 and 128 iterations per period respectively.

First of all, space and time sensitivities are evaluated on the gust probe location. The clinometric probe is located 0.08 m ahead of the leading edge. The gust velocity vector is post-processed at each time step in the closest cell to the experimental location in order to obtain an unsteady gust angle. Due to the aeroelastic deformation, the clinometric probe location changes during the simulation. In order to have an accurate assessment of the gust velocity, it is assumed that the clinometric probe has a rigid motion. A Fourier analysis is applied on the gust velocity in order to get the magnitude corresponding to the frequency of the command signal driving the gust generator airfoils motions. For the selected spatial and time resolution, a further refinement has not shown any influence on the gust velocity magnitude. The numerical gust magnitude (0.27°) is over-estimated in comparison with the experimental value (0.21°).

Based on the numerical sensitivity analysis, the comparison between experimental and numerical results is performed on the second mesh level with 64 iterations per periods.

For both aerodynamic (pressure coefficient around the airfoil) and structural (acceleration) results, a transfer function is computed using the gust velocity as reference. The same analysis process is applied to experimental and numerical results.

From an aerodynamic point of view, the main phenomena are caught (Figure 28). Some differences appear around the shock, the maximum magnitude is more important for the computation.

From a structural point of view, the main phenomena are also caught. For the acceleration magnitude (left graphic of Figure 29), the main difference appears close to the leading edge with an over-estimation. The airfoil is equipped with control surface, the hinge being attached at 75% of the chord for control load alleviation purposes. This activity is not a part of this work and the flap is assumed rigid for the current work. But a small flap disturbance or local unsteady deformations could explain the difference close to the trailing edge. A difference appears also on the phase (right graphic of Figure 29) with the same evolution than for the magnitude close to the hinge. 

Steady computation

The same aerodynamic conditions found during the wind tunnel modeling are imposed on the farfield modeling (initial angle of attack). A correction on the Mach number has to be added in order to take into account the farfield conditions. The Mach number is adapted based on the shock location given by the pressure sensor located on the airfoil and the initial angle of attack assessed during the first computation step. The identification algorithm runs until a relative convergence on the pressure sensor is reached. The mesh sensitivity analysis is performed on three mesh refinements. The mesh sensitivity analysis shows that the three levels of mesh refinement give the same Mach number (0.72) and pressure distribution (Figure 30). Comparing the numerical and experimental data, the pressure distribution is well reproduced except behind the shock location. As for the wind tunnel modeling, the pressure distribution is underestimated by the numerical simulation. The pressure distribution over the lower surface is better predicted than in the case of the wind tunnel modeling. The three levels of mesh refinement give the same static pressure distribution around the airfoil. 

Unsteady computation

As for the steady computation, the mesh sensitivity study for the gust response simulation is performed on three grid refinement levels. For all meshes, time sensitivity is studied on 4 levels. The gust sine signal is discretized with 16, 32, 64 and 128 iterations per period respectively. The gust magnitude at the clinometric probe location depends on the magnitude imposed to the Field Velocity Method. Due to a relative linear behavior between the gust value imposed in the FVM and the values computed at the gust location, two computations are performed in order to assess the magnitude to be imposed using the Field Velocity Method. From the sensitivity analysis, the second grid level of refinement with 64 iterations per period is selected for comparison with the experimental data.

The aerodynamics is reproduced with more difficulty than with the wind tunnel modeling (Figure 31). On the one hand, the magnitude peak on the pressure distribution is well caught, due to the tuning of the FVM model. On other hand, the magnitude after the shock position and on the lower surface is less accurately predicted. A large difference appears on the phase around the trailing edge. The previous wind tunnel modeling leads to a better prediction of the phase.

The structural behavior is better reproduced with the farfield condition than with the wind tunnel modeling (Figure 32). With the farfield modeling, the magnitude is closer to the experimental result near the leading edge and only a small difference appears near the trailing edge. The phase is correctly predicted. The structural acceleration is also better predicted by the farfield modeling. The wind tunnel modeling gives only better results for the pressure coefficient distribution.

As the same structural data and solver are used in both cases, the difference on aeroelastic results comes from the aerodynamics. For the boundary conditions modeling, the wind tunnel walls are deformed in order to reduce their impact on the flow around the airfoil. It leads to compute the steady pressure distribution with a different accuracy depending on the model considered. The pressure coefficient distribution is under-estimated for the wind tunnel modelling on the upper surface after the shock location and is over-estimated on the lower surface. For the farfield modeling, the pressure distribution is under-estimated more largely after the shock location but is better predicted on the lower surface. Another explanation for the difference on the aeroelastic results could be linked to the gust amplitude. Its value is indeed adjusted for the farfield modeling in order to have the same maximum amplitude at the clinometric probe location. Such an adjustment is not done for the wind tunnel modeling. A numerical validation of harmonic gust excitation has been performed with the high fidelity code elsA for one case of the experimental database. A sinusoidal gust perturbation close to the modal frequency of the first mode of the model (heave mode) has been chosen as study case. A sensitivity analysis in space and time has been performed and allowed the selection of the appropriate refinement level. Firstly, the modelling of the full wind tunnel and gust generator has allowed to validate the numerical approach. Secondly, the capabilities of the Field Velocity Method have been assessed with farfield boundary conditions. Both simulations have demonstrated their capabilities to describe the aerodynamic and structural phenomena.
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 1 Figure 1: Aeroelastic optional module of elsA for aeroelastic simulations
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 2 Figure 2-ONERA S3Ch wind tunnel located at the ONERA Meudon Center
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 3 Figure 3-3D view and detail of computational domain with WT walls
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 4 Figure 4-Spatial distribution of the gust angle in WT section versus X-Z Locations (left) and longitudinal distribution at Z=0 of the gust angle in WT section versus X for different time snapshots (right)
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 56 Figure 5-The experimental set-up of the first WTT: the gust generator (foreground) and the unsteady clinometric probe (background)
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 7 Figure 7-Temporal evolution of Gust Sensor Signal (left) and frequency analysis (Power Spectral Density) of the Gust Sensor Signal (right)
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 8 Figure 8-Normalized longitudinal (Vx/U∞ -left) and vertical (Vz/ U∞ -right) velocities obtained by PIV for Mach 0.73 and a frequency generation of fg=40 Hz -Time line normalized by the gust period Tg=1/fg -Spatial measurements at X = 1.2m (probe location)
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 9 Figure 9-Overview of the 2D aeroelastic model installed in the S3 WTT section with the flexible mount system
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 1011 Figure 10-Static test of the "heave" beam
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 1213 Figure 12-Test set-up for the unsteady qualification with various shaker configurations
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 1415 Figure 14-Impedance curves for the heave and pitch modes
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 16 Figure 16-Locations of embedded pressure sensors and accelerometers
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 17 Figure 17-Complete experimental set-up for gust load investigation in the S3Ch Wind Tunnel facilityExperiments are performed using adaptive upper and lower walls. From the measured wall pressure distributions, off line calculations performed outside of the test section allow to determine the shape of the walls so that they correspond to flow streamlines. It has to be pointed out that this technique only allows to adapt the walls to the time-averaged flow. As a consequence, each test point involving a fluctuating parameter is achieved with the walls shape of the corresponding time-averaged test point. The transition is triggered at a chordwise position of x/c = 7% on the upper and lower surfaces with adhesive strips designed for Mach M = 0.73.
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 1819 Figure 18-Instantaneous (grey) and averaged (blue and red) pressure distributions for Mach = 0.30 (left) and Mach =0.73 (right), AoA=2.0°, Gust Generator Amplitude = +/-3.0°, Gust Generator Frequency = 30Hz
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 20 Figure 20-Distribution of First harmonic Pressure coefficient distribution for M = 0.3 (left) and 0.73 (right), AoA=2.0°, Gust Generator Amplitude = +/-3.0°, Gust Generator Frequency = 30Hz
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 21 Figure 21-Temporal evolution of the lift coefficient signal for M = 0.3 (left) and 0.73 (right)
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 22 Figure 22-Time histories of motion command, gust probe and accelerometers and associated FRF -Gust generator command based on a sweep sine signal with an amplitude modulation -Tests at M=0.73 and AoA=0°
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 23 Figure 23-Numerical process for validation
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 24 Figure 24-Wind tunnel mesh Figure 25-Farfield mesh
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 26 Figure 26: initial angle of attack identification: unknown parameters (blue) and target parameters (red)
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 27 Figure 27: Pressure coefficient distribution around the OAT15 airfoil (wind tunnel modeling)
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 2854 Figure 28 : Aerodynamics -Comparison of numerical and experimental results -Pressure coefficient magnitude (left) and phase (right) distribution around the OAT15 airfoil (wind tunnel modeling)
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 30 Figure 30: Pressure coefficient distribution around the OAT15 airfoil (Farfield modeling)
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 31 Figure 31: Aerodynamics -Comparison of numerical and experimental results -Magnitude and phase distribution around the OAT15 airfoil (Farfield modeling)

Table 1 -

 1 Experimental test matrix for gust generator qualification

	Mach number Reynolds number Actuator frequency range Actuator amplitude range
	0.30	1.6 10 6	[20hz;80Hz]	[0.5°;5.0°]
	0.73	3.3 10 6	[20hz;80Hz]	[0.5°;3.0°]

Table 2 -

 2 experimental test matrix for wind tunnel test campaign

	Mach number	Reynolds number	Angle of attack range	Actuator frequency range	Actuator amplitude range	Configuration
	0.30	1.6 10 6	[0.0°;2.4°]	[20hz;80Hz]	[0.5°;5.0°]	Aerodynamic Aeroelastic
	0.73	3.3 10 6	[0.0°;2.4°]	[20hz;80Hz]	[0.5°;3.0°]	Aerodynamic Aeroelastic
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