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Validation and Analysis of Aeroelastic Simulations of the UH-60A Rotor from Pre-to Post-stall Flight Conditions

Recently aeroelastic simulations of rotors in dynamic stall conditions based on a weak coupling between CFD (Computational Fluid Dynamics) and CA (Comprehensive Analysis) codes have demonstrated their prediction capabilities with good agreement with experimental data, despite the high level of complexity of this phenomenon. These recent studies resulted from a long-term effort to define the requirements, in terms of methods and models, necessary to capture of the complex physics of dynamic stall in rotor environment. However, these previous studies were performed on single test points. In this paper a range of six flight conditions of the UH-60A rotor from pre-to post-stall conditions with three different numerical approaches was examined. This approach permits not only the validation of the numerical methods on a larger set of data, but it provides a thorough analysis of the ability of the numerical methods to predict the onset of stall as the rotor thrust progressively increases. The numerical results show very good agreement on airloads, trim control angles and rotor power. More discrepancies are observed in structural loads although the global trend is captured. The flowfield visualizations from the simulations give a better insight into several regions of flow separation, their evolutions as the rotor thrust increases and the role of Blade Vortex Interaction (BVI) in the trigger of the different stall events.

NOTATION

𝑎 ∞

freestream speed of sound, m/s b number of blades c ref reference blade chord, m 𝐶 𝐿 /𝜎 rotor lift coefficient, 𝐹 𝑍 /[𝜌 ∞ (𝑅Ω) 2 𝑆𝜎] 𝐶 𝑃 /𝜎 rotor power coefficient, 𝑃/[𝜌 ∞ (𝑅Ω) 3 

INTRODUCTION 1

Dynamic stall is one of the most complex aerodynamic phenomena that occurs on helicopter rotor. It appears in high-thrust forward flight or during high load-factor maneuver. In these conditions, the retreating blade of the rotor reaches very high angles of attack, leading the boundary layer to massively separate from the blade surface. As a consequence, the blade sections affected by this flow separation undergo strong variations of normal force and Presented at the Vertical Flight Society's 76th Annual Forum & Technology Display, Virginia Beach, VA, US, October 6-8, 2020. This material is declared a work of the U.S. Government and is not subject to copyright protection in the United States. Distribution Statement A: Approved for public release; distribution is unlimited.

pitching moment that are characteristic of dynamic stall. A large part of the experimental studies dedicated to this problem are focused on simplified conditions of airfoils or finite-span wings oscillating in pitch in a uniform flow (Refs. [START_REF] Mccroskey | An Experimental Study of Dynamic Stall on Advanced Airfoil Sections[END_REF][START_REF] Piziali | 2D and 3D Oscillating Wing Aerodynamics for a Range of Angle of Attack Including Stall[END_REF][START_REF] Lepape | Extensive Wind Tunnel Measurements of Dynamic tall Phenomenon for the OA209 Airfoil Including 3D Effects[END_REF]. These studies allowed to assess the capability of Computational Fluids Dynamics (CFD) to predict the dynamics of flow separation in unsteady conditions and to provide some requirements in terms of numerical methods, turbulence modeling, transition, and temporal convergence (Refs. [START_REF] Richter | Improved Two-Dimensional Dynamic Stall Prediction with Structured and Hybrid Numerical Methods[END_REF][START_REF] Moulton | The Role of Transition Modeling in CFD Predictions of Static and Dynamic Stall[END_REF][START_REF] Liggett | Temporal Convergence Criteria for Time-Accurate Viscous Simulations of Separated Flows[END_REF][START_REF] Kaufmann | Numerical Investigation of Three-Dimensional Static and Dynamic Stall on a Finite Wing[END_REF][START_REF] Jain | High-resolution Computational Dluid Dynamics Predictions for the Static and Dynamic Stall of a Finite-Span OA209 Wing[END_REF]. However, these simplified conditions cannot accurately reproduce all the complex phenomena occurring in a rotor environment. In 2004, Potsdam used a loose coupling strategy between CFD and Comprehensive Analysis (CA) codes to simulate the aeroelastic equilibrium of the UH-60A rotor in forward flight (Ref. 9). He showed very good agreement between numerical results and flight test data on airloads even for high-thrust conditions including dynamic stall. Since 2004, there have been numerous studies involving coupled CFD/CA simulations of various rotors with considerable success in accurately predicting the performance and airloads. Later, CFD/CA coupling was applied to examine the 7A wind-tunnel scale rotor in several conditions of dynamic stall (Refs. [START_REF] Yeo | High-Fidelity Structural Loads Analysis of the ONERA 7A Rotor[END_REF][START_REF] Ortun | Rotor Loads Prediction on the ONERA 7A Rotor using Loose Fluid/Structure Coupling[END_REF][START_REF] Richez | Analysis of Dynamic Stall Mechanisms in Helicopter Rotor Environment[END_REF][START_REF] Richez | Numerical Analysis of Dynamic Stall for Different Helicopter Rotor Flight Conditions[END_REF][START_REF] Grubb | High fidelity CFD Analyses of Dynamic Stall on a Four-Bladed Fully Articulated Rotor System[END_REF][START_REF] Castells | Numerical Analysis of RPM effect on Dynamic Stall Phenomena on Helicopter Rotor at High Thrust Forward Flight[END_REF]. These numerical results showed once again very good agreement with the wind-tunnel test data, which seems to confirm the maturity of CFD methods to predict the presence of dynamic stall on rotors. Furthermore, these simulations have enabled detailed flow visualization to be performed and identify the causal physics leading to dynamic stall. For example, recently studies on the subject have discovered the role of BVI as a key triggering mechanism in initiating dynamic stall events (Ref. [START_REF] Richez | Analysis of Dynamic Stall Mechanisms in Helicopter Rotor Environment[END_REF][START_REF] Richez | Numerical Analysis of Dynamic Stall for Different Helicopter Rotor Flight Conditions[END_REF][START_REF] Grubb | High fidelity CFD Analyses of Dynamic Stall on a Four-Bladed Fully Articulated Rotor System[END_REF][START_REF] Castells | Numerical Analysis of RPM effect on Dynamic Stall Phenomena on Helicopter Rotor at High Thrust Forward Flight[END_REF]. The same observation was also made by Chaderdjian on the UH-60A rotor (Ref. [START_REF] Chaderjian | Navier-Stokes Simulation of UH-60A Rotor Wake Interaction Using Adaptive Mesh Refinement[END_REF]). In 2019, Letzgus et al. also used CFD/CA coupling method to simulate dynamic stall in a full helicopter in turning flight, which presented numerous similarities with the features of dynamic stall as observed for isolated rotors in level forward flight (Ref. 17).

Here, CFD/CA coupling is applied to investigate the ability of these methods to predict the onset of dynamic stall in a rotor environment by successively increasing the thrust of a UH-60A rotor in forward flight, starting from a pre-stall condition, up to a post-stall condition. The objectives are first to assess the capability of numerical simulations (CFD or hybrid CFD/free wake method) to predict the stall boundary in a rotorcraft flight envelope, and second, to identify and characterize the evolution of flow separation regions across the stall boundary. This paper is the result of a multi-year collaborative research under the US/French Project Agreement on Helicopter Aeromechanics, involving the US Army CCDC AvMC and the Georgia Institute of Technology (GIT) on the US side and ONERA (the French Aerospace Lab) on the French side. In the frame of this cooperation, dynamic stall phenomenon has been thoroughly investigated, with a gradual process of incremental increases in complexity, starting from 2D airfoil (Ref. 1. The advance ratio μ and the tip Mach number M tip remain constant, while the rotor thrust coefficient C T /σ increases from 0.06 to 0.125. In all cases, the rotor shaft angle α S is set to a value close to zero. Since the wind tunnel walls were not included in the current work, the shaft angle corrected for the wind tunnel effects, α S c , is used. The rotor control angles (θ 0 , θ 1c and θ 1s ) are trimmed to reach the targeted thrust coefficient with zero hub rolling and pitching moments. The test data include rotor airloads integrated from chordwise pressure arrays located at nine radial stations, which are used here for the validation of the numerical simulations. The experimental measurements of rotor power and torsional moment at blade root are also assessed to evaluate the capability of numerical simulations to predict the increase of power and structural loads due to dynamic stall. 

NUMERICAL APPROACHES

elsA

The elsA solver discretizes the Unsteady Reynolds-Averaged Navier Stokes (URANS) equations on structured multiblock grids with a finite-volume approach. A Chimera technique is adopted, with near body curvilinear grids around each blade and background Cartesian grids. Each blade body grid has 4.6 million nodes, and the Cartesian grid has 40 million nodes, with a maximum cell length of 10% of chord around the rotor (Figure 1). The Large Rotor Test Apparatus (LRTA) is modeled using Immersed Boundary Conditions (IBC). The total extent of the computational domain represents 14 rotor radii in each direction. Farfield conditions are imposed on the external boundary of the computational domain. Turbulence is modeled using the Kok k -ω model (Ref. [START_REF] Kok | Resolving the Dependence on Freestream Values for the k-ω Turbulence Model[END_REF] with SST correction (Ref. [START_REF] Menter | Two-Equation Eddy-Viscosity Transport Turbulence Model for Engineering Applications[END_REF]). The solver employs Jameson's cell-centered second-order scheme in space with second and fourth-order artificial viscosity coefficients. The time derivative is discretized with a second order implicit Gear scheme. At each time step, the non-linear problem is solved by an iterative Newton process. The time step is fixed to Δψ = 0.25° with 27 sub-iterations.

The blade structural model of HOST is a quasi-one dimensional Euler-Bernoulli beam with deflections in flap and lag directions and elastic torsion along the blade axis. The blade is discretized into rigid segments connected through virtual joints. Each joint allows elastic rotations about lag, flap and torsion axes. Each segment is characterized by its structural properties in terms of mass, moment of inertia and stiffness. The profiled part of the UH-60A is discretized with 26 structural elements and the aerodynamic forces are computed at the center of each element. The blade deformation is projected on an eigenbase composed of the first 7 eigenmodes. Assuming a periodic solution, for each mode, the deformation is truncated to the 8 th harmonic.

Helios

In the Helios software, OVERFLOW is used for the blade grids. It solves the URANS equations. The fifth-order central difference option is used for the inviscid fluxes and a second-order central discretization is used for the viscous fluxes. For temporal discretization, the second-order diagonalized Beam-Warming pentadiagonal scheme is used along with dual-time stepping subiterations within each time step for convergence. A time step size of 0.25° with 60 dualtime iterations was used. For turbulence modeling, the Menter SST 𝑘 -𝜔 (Ref. 27) model is used with the DDES option. FUN3D is used for the fuselage and hub unstructured grids. It is a state-of-the-art mixed-element unstructured finite-volume solver and is developed and maintained by NASA Langley. It uses a second-order spatial scheme based on Roe's Flux Difference Splitting scheme with MUSCL extrapolation. The second-order accurate backward-Euler scheme, BDF2opt, with dual-time stepping algorithm was used for time marching. A time step size of 0.25° with 30 dual-time iterations was used. The turbulence is modeled with Menter SST 𝑘 -𝜔, as above. The off-body solver, SAMCART, is a structured, adaptive high-order Cartesian solver. The inviscid fluxes are discretized with a fifth-order central spatial scheme and a third-order explicit Runge-Kutta integration scheme is used for time advancement. The offbody region is modeled as inviscid. The total number of nodes in the blade mesh is about 18.8 million for each blade. The unstructured grids for the LRTA (fuselage) and the rotor hub have about 4.8 million nodes (Figure 2). The wake region used a fixed Cartesian mesh, with a finest mesh spacing of about 4.2% of chord. Finally, the off-body mesh size is about 178 million nodes.

The CA model of the blade was modeled in RCAS. RCAS (Ref. [START_REF] Saberi | RCAS Overview of Capabilities, Validations, and Applications to Rotorcraft Problems[END_REF]) is a comprehensive multidisciplinary software system for predicting rotorcraft aerodynamics, performance, stability and control, aeroelastic stability, loads, and vibration. RCAS is capable of modeling a wide range of complex rotorcraft configurations operating in hover, forward flight, and maneuvering conditions. The RCAS structural model employs a hierarchical, finite element, multibody dynamics formulation for coupled rotor-body systems. It includes a library of primitive elements including nonlinear beams, rigid body mass, rigid bar, spring, damper, hinges and slides to build arbitrarily complex models. For the UH-60A blade, 13 non-linear beam elements and 75 aerodynamic segments were used.

OVERFLOW-CHARM

Georgia Tech applied a dual-solver OVERFLOW-CHARM method. In this computational strategy, OVERFLOW resolves the body fitted grids around the blades and fuselage, while the rotor wake is modeled with the free wake solver, CHARM, from Continuum-Dynamics, Inc. (Ref. [START_REF] Wachspress | Rotorcraft Interactional Aerodynamics with Fast Vortex/Fast Panel Methods[END_REF]. At each time step, the induced velocity computed by the free wake model is used to provide the boundary conditions of the CFD solver. This dual-solver hybrid approach has been demonstrated to give comparable results to industry-scale meshes at 50%-90% savings for both hover (Ref. 32) and forward flight (Ref. 33) from both mesh reductions and more rapid wake convergence.

The simulation applied the same numerical options for the Helios-OVERFLOW rotor blade modeling described previously, with the exception that the turbulence closure was the Spalart-Allmaras (SA) equations with the DDES wake option, and the fourth-order central differencing scheme resolved the inviscid fluxes.

The rotor meshes were significantly reduced from the OVERFLOW-alone predictions. Each body-fitted blade grid mesh consists of 3 million nodes (196 by 100 nodes on the streamwise and radial blade surface, respectively), while the LRTA mesh contains about 10.4 million nodes. The simulations were run as a contiguous simulation, which means that a reduced extent 2-level Cartesian mesh surrounds both the rotor disk and fuselage. The level 1 grid has spacing equivalent to 10% chord. Radially it extends 2.5 chords beyond the undeformed rotor blade tip. Vertically it extends 4.5 chords above the undeformed rotor plane. The level 2 grid has spacing equivalent to 20% chord. Radially it extends 1.25 chords beyond the level 1 grid. Vertically it extends 2 chords beyond the level 1 grid. Combined, the level 1 and 2 off-body Cartesian grids contained approximately 24 million nodes (Figure 3). 

CODE-TO-CODE VERIFICATION WITH PRESCRIBED BLADE MOTIONS

The analysis of code-to-code comparisons of aeroelastic coupled simulations is not obvious since it cannot be easily distinguished if the origins of the discrepancies come from the aerodynamic or the structural models. Thus, as a first step, the results of the three numerical approaches obtained with the same prescribed blade deformation were compared. That way, the differences between the aerodynamic solvers can be understood.

This code-to-code verification with prescribed blade deformations was performed for the test case 4536, which corresponds to a thrust coefficient of 𝐶 𝑇 /𝜎 = 0.12 (Table 1).

The prescribed blade deformation is the one obtained with elsA/HOST at the end of the coupling process. The airloads computed by Helios, OVERFLOW-CHARM and elsA with this common prescribed deformation are shown in Figure 4 and Figure 5, in terms of section normal force and pitching moment (with removed mean value) respectively. All the simulations show very similar results. The normal forces (Figure 4) are very close between Helios and elsA, while OVERFLOW-CHARM gives more differences with the two other codes, primarily on the advancing blade side. On the retreating blade side, and especially in the stall region (270°≤ 𝜓 ≤ 360°), all the simulations provide the same normal force variations for each of the blade radial sections. For all codes, the drop-off of lift at stall occurs at the same azimuthal position, and all the numerical results provide the same minimum value of 𝑀 2 𝐶 𝑛 around 𝜓 = 300°. Pitching moment also shows a good overall agreement between the codes (Figure 5), except for the most inboard section (𝑟/𝑅 = 0.4), where OVERFLOW-CHARM indicates larger variations, likely due to the wake vorticity from the blade root. In the tip region (𝑟/𝑅 ≥ 0.865), the simulations provide close predictions for almost all the different moment stall events, in both phase and amplitude. The most noticeable difference appears at section 𝑟/𝑅 = 0.865, where Helios and OVERFLOW-CHARM predict two moment stall events, at 𝜓 = 290° and at 𝜓 = 340°, while elsA only predicts a single stall event at 𝜓 = 290°. For the two last sections, all codes indicate two negative peaks of 𝑀 2 𝐶 𝑚 on the retreating blade side, but Helios and OVERFLOW-CHARM tend to predict higher peak-to-peak variations than elsA. These differences can be likely attributed to the different turbulence models that have been applied. Indeed, both Helios and OVERFLOW-CHARM involve DDES modeling which is known to predict larger flow separation region than the RANS approach which is used in elsA simulations. However, all these discrepancies observed between the codes are slight, considering the significant variation of numerical methods and mesh size involved in the different approaches. Thus, one can conclude that this first analysis tends to prove that, for a prescribed blade deformation, the three different CFD approaches provide very similar prediction of flow separation and stall.

FULL COUPLED CFD/CA VALIDATION

Loosely-coupled CFD/CA simulations were next performed using these three computational methodologies. The aeroelastic equilibrium is thus computed independently by each of the coupling CFD/CA approaches previously defined. All of the six test cases defined in Table 1 have been investigated. The objective is to assess the capability of the numerical methods to predict the occurrence of dynamic stall as the rotor thrust is progressively increased from C T /σ = 0.06 corresponding to a pre-stall condition, to C T /σ = 0.125, corresponding to a post-stall condition.

Airloads

In order to validate the simulations, section normal force 𝑀 2 𝐶 𝑛 and pitching moment 𝑀 2 𝐶 𝑚 coefficients are compared to the experimental data. Figure 6 to Figure 10 show the azimuthal evolution of 𝑀 2 𝐶 𝑛 at 𝑟/𝑅 = 0.4, 𝑟/𝑅 = 0.775, 0.865, 0.920 and 0.965 and the section pitching moment coefficients are presented from Figure 11 to Figure 15 at the same radial positions. For each section, the figures compare the airloads for all the test points from the lowest to the highest thrust coefficient. The experimental data are presented as phase-averaged while the numerical results correspond to the last rotation of the CFD/CA coupling. Thus, the comparison remains somewhat qualitative in nature, as already mentioned in the literature, since the experimental cycle-to-cycle variations are unknown.

Figure 6 shows the azimuthal evolution of the normal force coefficient on the most inboard section (𝑟/𝑅 = 0.4). The evolution of 𝑀 2 𝐶 𝑛 is dominated by a one-per-revolution frequency. The increase of thrust does not affect significantly the normal force at this section. All the simulations provide a good agreement with experiments. At 𝑟/𝑅 = 0.775 (Figure 7) and 𝑟/𝑅 = 0.865 (Figure 8), the drop of lift characteristic of stall occurs between 270° and 300° of azimuth. At 𝐶 𝑇 /𝜎 = 0.06, the evolution of lift is very flat on the retreating blade side, although a small variation is observable in the expected potential stall region.

As the rotor thrust is increased, the variation amplitude of 𝑀 2 𝐶 𝑛 increases in this azimuthal region from Δ(𝑀 2 𝐶 𝑛 ) = 0.04 at 𝐶 𝑇 /𝜎 = 0.1 to reach Δ(𝑀 2 𝐶 𝑛 ) = 0.1 at 𝐶 𝑇 /𝜎 = 0.125. All the simulations provide very similar results. The main difference between the codes lies on the advancing blade side and can be attributed to the different modeling of the blade structure. On the retreating blade side, all the simulations show a good prediction of the oscillation of normal force in the stall region for all the test points, both in amplitude and azimuthal phase. At 𝑟/𝑅 = 0.92 (Figure 9) and 𝑟/𝑅 = 0.965 (Figure 10), one can observe that the drop of 𝑀 2 𝐶 𝑛 that occurs at stall, for 290°≤ 𝜓 ≤ 300°, becomes steeper. It is the case at both moderate thrust (𝐶 𝑇 /𝜎 ≤ 0.1), where the variation amplitude is low, and high thrust (𝐶 𝑇 /𝜎 ≥ 0.12), where the amplitude increases. Once again, the agreement of simulations with experiments is within reasonable bounds.

Figure 11 to Figure 15 present the results in terms of 𝑀 2 𝐶 𝑚 with removed mean value. Stall events can be identified when a strong negative pitching moment is observed on the retreating blade side. At 𝑟/𝑅 = 0.4 (Figure 11), moment stall occurs in the experiments for 𝐶 𝑇 /𝜎 ≥ 0.12, for the azimuthal section located between 180° and 270°. For these high thrust coefficients, the simulations provide a satisfactory agreement with experiments, although Helios and elsA tend to overestimate the minimal pitching moment, while OVERFLOW-CHARM shows a better prediction. At lower thrust, for 0.09 ≤ 𝐶 𝑇 /𝜎 ≤ 0.11, Helios and elsA still predict a negative pitching moment peak on the retreating blade that is not observable in the experiments. On the other hand, OVERFLOW-CHARM predicts a removal of moment stall for the low thrusts, as seen in the experiment. For the more outboard sections, moment stall occurs later, between 270° and 300° of azimuth as already observed in the normal force figures. At 𝑟/𝑅 = 0.775 (Figure 12), a very small amplitude variation of 𝑀 2 𝐶 𝑚 can only be noticed in pre-stall condition (𝐶 𝑇 /𝜎 ≤ 0.10). Then, this small variation rapidly becomes increasingly stronger between 𝐶 𝑇 /𝜎 = 0.11 and 𝐶 𝑇 /𝜎 = 0.12. All the simulations correctly capture the small amplitude variations of 𝑀 2 𝐶 𝑚 at low thrust, in both terms of phase and amplitude. However, the rise of the strong negative peak at 𝐶 𝑇 /𝜎 = 0.12 is only correctly predicted by the Helios simulation, while OVERFLOW-CHARM and elsA tend to underestimate the intensity of stall. This difference is clearly attributable to the smaller mesh sizes applied in the elsA and OVERFLOW-CHARM computations. Farther outboard, at 𝑟/𝑅 = 0.865 (Figure 13), the experiments indicate that pitching moment stall also occurs for a thrust coefficient between 0.11 and 0.12. Furthermore, a second moment stall event appears between 330° and 360° of azimuth and only for 𝐶 𝑇 /𝜎 = 0.125. All the simulations predict with a very good agreement the growth of the first pitching moment peak due to the thrust increase. Helios tends to overestimate the amplitude of the peak for the test point 4535 (𝐶 𝑇 /𝜎 = 0.11) which is close to the edge between pre-stall and post-stall condition. At 𝐶 𝑇 /𝜎 = 0.12, the amplitude of the peak is slightly overestimated by Helios and correctly captured by OVERFLOW-CHARM and elsA. At 𝐶 𝑇 /𝜎 = 0.125, the amplitude of the first peak around 𝜓 = 290° is well predicted by all the simulations, but the second stall event is slightly overestimated in intensity and phase led by 5° by Helios and elsA, while it does not appear in OVERFLOW-CHARM results. Prior experiences with the OVERFLOW-CHARM solver indicate that this may be the need to refine the mesh in that region. At 𝑟/𝑅 = 0.92 (Figure 14), the experiments show the occurrence of a double moment stall for both 𝐶 𝑇 /𝜎 = 0.12 and 𝐶 𝑇 /𝜎 = 0.125. All the simulations predict the appearance of this double stall with satisfactory agreement although some slight discrepancies appear in terms of amplitude and phase. At 𝑟/𝑅 = 0.965, in the most outboard section (Figure 15), the strength of the moment stall is lower than for the preceding section. Two small amplitude negative peaks are still observable at 𝐶 𝑇 /𝜎 = 0.12. The first one is well captured by all the simulations while the second one is overestimated by Helios. At 𝐶 𝑇 /𝜎 = 0.125, the second peak is more intense than the first one. ElsA and OVERFLOW-CHARM slightly underestimate the amplitude of both peaks while Helios provides a very good prediction of the first one and a slight overestimation of the intensity of the second one.

Finally, the agreement of all simulations with the experimental data is generally good, for all the test points, all sections and for both normal force and pitching moment coefficients. Some discrepancies can be observed in terms of intensity and phase of the different lift and pitching moment peaks but the appearance of the stall events as the rotor thrust is increased are correctly captured by all the simulations. The good agreement obtained with the three codes for the prescribed blade deformation tends to prove that the discrepancies observed in the full validation can be mainly attributed to the blade deformation modeling which differs between RCAS, DYMORE and HOST. However, this difference primarily affects the airloads on the advancing blade side while the stall events on the retreating blade are less impacted by the structural model. Mesh refinement and possibly some differences in the turbulence closure on the retreating side are the cause of the variations there.

Trim control angles and rotor power

To pursue the validation of the simulations, the evolution of trim control angles and of the rotor power coefficient as a function of the rotor thrust coefficient are shown in Figure 16. Helios and elsA tend to overestimated the collective pitch on the order of 1°, while OVERFLOW-CHARM underestimates it by 2° (Figure 16.a). However the slope of 𝜃 0 with respect to the rotor thrust is correctly captured by all codes, although slightly underestimated with OVERFLOW-CHARM. The discrepancies of the cyclic pitch angles between experiments and simulations are of the same order of magnitude (Figure 16.b and Figure 16.c). Helios and elsA, which are based on more computationally expensive methods, show a better agreement with experiments, especially concerning the slope of the curves. OVERFLOW-CHARM, which requires a smaller grid size and a lower computational cost, provides a worse agreement and tends to slightly underestimate the slope of the evolution of cyclic pitch angles with respect to 𝐶 𝑇 /𝜎. We can note that, since the code-to-code validation shows very similar aerodynamic loads between the codes for the same prescribed blade motion and deformation, the differences observed between codes on the control angles can be mainly attributed to a different behavior of the CA codes in the coupling process.

Figure 16.d shows the variation of the rotor power as the rotor thrust increases. The agreement of the simulations with the experiments is very good except for the highest thrust case where OVERFLOW-CHARM underestimates the power. The reduced mesh is the primary cause for this variation, and it is being investigated further by refinement of the radial mesh. Figure 16.d also highlights the significant increase of rotor power due to stall. It is in particular interesting to notice that 𝐶 𝑃 /𝜎 grows by a factor of 2 (from 0.0037 to 0.0075) when the thrust coefficient increases by only 25% (from 0.10 to 0.125).

Structural loads

As shown previously, stall phenomenon generate impulsive high-amplitude variation of airloads, especially the pitching moment in the blade tip region. These aerodynamic loads act as a source of excitation for the blade structure, which finally undergoes strong deformations and structural loads, especially in torsion. An assessment of the capability of the numerical simulations to predict the effect of stall on the structural loads is presented next. Figure 17 illustrates the azimuthal evolution of the torsional moment at the radial blade section 𝑟/𝑅 = 0.3 for each of the test cases. It can be seen that the agreement between simulations and experiments is not as good as for the airloads. At low and moderate thrust (𝐶 𝑇 /𝜎 ≤ 0.1), elsA tends to overestimate the level of the negative peak that occurs around 𝜓 = 180° and to predict high positive peak in the retreating blade (𝜓 = 270°) that does not appear in the experiments.

OVERFLOW-CHARM provides a quite good prediction of the torsion moment, except for the lowest and the highest thrust. The agreement in both phase and amplitude of the signal is particularly noticeable for 𝐶 𝑇 /𝜎 = 0.11 (Figure 17.d) and 𝐶 𝑇 /𝜎 = 0.12 (Figure 17.e). Helios shows very good correlation with experiments, especially at stall (𝐶 𝑇 /𝜎 = 0.12 and 𝐶 𝑇 /𝜎 = 0.125), where the highamplitude peaks on the retreating blade side are wellcaptured. The main discrepancy between Helios and experiments lies on the positive peak that occurs in the first quadrant in post-stall regime and which is slightly overestimated by the simulation.

A spectral analysis of the torsion moment signals is performed in order to analyze more in detail the evolution of each harmonic (Figure 18). In the pre-stall regime (𝐶 𝑇 /𝜎 ≤ 0.11), the torsion moment is mainly dominated by low frequencies (from 1/rev to 5/rev). ElsA strongly overestimates the first harmonic, while Helios and OVERFLOW-CHARM are in good agreement with experiments. In the post-stall regime (𝐶 𝑇 /𝜎 ≥ 0.11), the wind-tunnel test measurements reveal that the amplitude of the 1/rev jumps from 236 to 416 ft-lb. Helios provides a good prediction of this increase, while elsA and OVERFLOW-CHARM underestimate the amplitude at the highest thrust coefficient. The transition between pre-to post-stall is also characterized by the increase of the amplitude of the high frequencies (from 5/rev to 9/rev), especially the 6/rev, where amplitude changes by a full order of magnitude from 12 ft-lb at 𝐶 𝑇 /𝜎 = 0.11 to 223 ft-lb at 𝐶 𝑇 /𝜎 = 0.125. The appearance of the high frequency content in post-stall regime is reasonably well captured by the simulations, although all the amplitudes of all the harmonics are not perfectly predicted. Particular attention is paid to the 6/rev harmonic, where the amplitude is plotted as a function of 𝐶 𝑇 /𝜎 in Figure 19. Helios provides a good prediction of the increase that occurs between 𝐶 𝑇 /𝜎 = 0.11 and 𝐶 𝑇 /𝜎 = 0.125. ElsA shows a similar trend but finally underestimates by 40% the amplitude for the highest thrust coefficient. OVERFLOW-CHARM predicts an increase of the amplitude of the 6/rev but minimizes its intensity with respect to the experimental measurements.

This spectral analysis permits a better understanding of the half peak-to-peak values of the torsional moment signals represented in Figure 20. The experimental measurements show that the amplitude of the oscillatory torsion moment first grows almost linearly up to 𝐶 𝑇 /𝜎 = 0.11. This evolution is mainly driven by low frequencies (from 1/rev to 5/rev), as observed in Figure 18. Then, it increases by 90% (from 354 to 676 ft-lbf) when the rotor thrust coefficient goes from 0.11 to 0.125, mostly because of the rise of the 6/rev harmonic as illustrated in Figure 19. The numerical simulations provide different levels of the peak-to-peak values of the torsion moment. For the pre-stall regime, OVERFLOW-CHARM shows a very good agreement with experiments, as already observed in Figure 17. However, the strong increase for the highest thrust coefficients is missed by the simulation, because the growth of the 6/rev is underpredicted. ElsA significantly overestimates the amplitude of the torsion moment in the pre-stall regime because of too high amplitude of the 1/rev harmonic. At 𝐶 𝑇 /𝜎 = 0.125, elsA provides a good agreement with experiment. However, Figure 18.f reveals that the amplitudes of the 1/rev and 6/rev are underestimated, but counterbalanced by the high amplitude of the 5/rev to finally provide the correct amplitude of all the fluctuations. Helios tends to underestimate the peak-to-peak value of the torsion moment in the pre-stall regime. Although, the amplitude of the 1/rev is well-predicted, the higher frequency content is slightly missed. From pre to post-stall regime, Helios however shows a good estimation of the increase of the curve slope, but this occurs at a lower thrust coefficient compared to the experiments. At 𝐶 𝑇 /𝜎 = 0.125, the peakto-peak value is overestimated. Yet, the prediction of the azimuthal evolution of the torsion moment is very good in Figure 17.f. The main difference between experiments and Helios results lies in the positive peak at 𝜓 = 30°, which is overestimated by Helios, leading to a too high 5/rev amplitude (Figure 18.f) and thus explains the overestimation of the peak-to-peak value. Despite these differences observed in terms of level, the simulations predict the curve trend, especially the critical thrust coefficient, 𝐶 𝑇 /𝜎 = 0.11, where the dynamic torsion moment strongly raises. This critical value also corresponds to the threshold where the sectional pitching moment (Figure 11 to Figure 15) shows the appearance of large impulsive negative peaks on the retreating blade side.

FLOW ANALYSIS

The numerical investigation of dynamic stall researched in this paper provides a large numerical database that can be used for a thorough analysis of dynamic stall features on a full scale helicopter rotor, in particular concerning the onset of stall as the rotor thrust is progressively increased. Some first analyses of rotor stall based on CFD simulations were proposed in Refs 12-15, but for a limited number of flight conditions. These references used the CFD results to draw up rotor maps of the flow separation, that allowed to localize and characterize the different regions of flow separation on the rotor disk, especially the massive ones, responsible for stall. A similar analysis has been applied to all of the UH-60A cases investigated here and for two of the three CFD results. In order to detect the flow separation regions, at each radial and azimuthal position, the chordwise location of flow separation 𝑥 𝑠𝑒𝑝 /𝑐 is defined as the point where the wall shear stress vector is opposite to the chordwise direction:

𝑥 = 𝑥 𝑠𝑒𝑝 when 𝜏 𝑤 (𝑥) ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ . 𝑒 𝑥 𝑙𝑜𝑐 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ ≤ 0,
where 𝑥 denotes the chordwise coordinate, 𝑒 𝑥 𝑙𝑜𝑐 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ the unit vector in the chordwise direction and 𝜏 𝑤 (𝑥) ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ the shear stress vector at wall. Similarly, the reattachment point 𝑥 𝑟 /𝑐 can be defined as the last point in the chordwise direction where 𝜏 𝑤 (𝑥) ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ . 𝑒 𝑥 𝑙𝑜𝑐 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ > 0.

Finally, the chordwise extent of flow separation is given by 𝑙 𝑠𝑒𝑝 = 𝑥 𝑟 -𝑥 𝑠𝑒𝑝 . Other definitions of 𝑥 𝑠𝑒𝑝 have been used in the literature for rotor dynamic stall analyses, based on the shape factor of the boundary layer (Ref. 

Inboard dynamic stall

For all cases, including pre-stall regimes, the rotor maps reveal the existence of flow separation in a region located at the inboard retreating blade. Inboard flow separation regions were also detected for dynamic stall cases of the wind-tunnel scale 7A rotor (Refs. 12, 14 and 15). However, while a progressive motion of the separation point from the trailing edge toward the leading was observed for the 7A rotor, the flow abruptly separates from the leading edge (𝑥 𝑠𝑒𝑝 /𝑐 = 0) for the UH-60A conditions investigated here. The rotor maps of separation length confirms that the flow is massively separated (𝑙 𝑠𝑒𝑝 /𝑐 = 1), thus corresponding to a stall event. This inboard flow separation is detected by all simulations, although some differences appear in terms of radial and azimuthal extents, Helios predicting a larger flow separation region than elsA. As the rotor thrust coefficient increases, the inboard flow separation spreads in the radial direction. With elsA it moves from 𝑟/𝑅 = 0.5 at 𝐶 𝑇 /𝜎 = 0.06 to 𝑟/𝑅 = 0.8 at 𝐶 𝑇 /𝜎 = 0.125. With Helios the inboard region merges with the flow separation region located in the outboard sections. The section 𝑟/𝑅 = 0.4 is thus always immerged in this inboard flow separation region, which explains the pitching moment stall previously observed in Figure 11. It can be recalled that the experiments do not shown any clear moment stall until 𝐶 𝑇 /𝜎 = 0.11, which tends to indicate that the simulations probably overestimate the extent of the inboard flow separation at low and moderate thrust. The simulations show some differences in the way the inboard flow separation spreads in the radial direction as the thrust coefficient increases. Helios shows that the region of leading edge flow separation reaches the section 𝑟/𝑅 = 0.775 at 𝐶 𝑇 /𝜎 = 0.12, leading to the rise of a negative pitching moment peak seen in Figure 12 and that correlates well with the experimental measurements. The elsA results show in Figure 25.b and Figure 25.e that the dynamic stall seen by the section 𝑟/𝑅 = 0.775 at 𝐶 𝑇 /𝜎 = 0.12 is of trailing edge type (𝑥 𝑠𝑒𝑝 /𝑐 = 0.4 and 𝑙 𝑠𝑒𝑝 /𝑐 = 0.6). This explains why elsA underestimates the strength of moment stall at this blade radial section (Figure 12).

Outboard dynamic stall

The rotor maps of 𝑥 𝑠𝑒𝑝 /𝑐 also reveal that two flow separations appear in the retreating blade tip region, but only at high thrust. These flow separations occur at the leading edge (𝑥 𝑠𝑒𝑝 /𝑐 = 0). The first one is located between 270° and 300° of azimuth and the second one between 310° and 360°.

The first flow separation region starts to be visible at 𝐶 𝑇 /𝜎 = 0.09 for Helios and 𝐶 𝑇 /𝜎 = 0.1 for elsA, but its extent is still very limited in both radial and azimuthal directions. Furthermore, even though the flow separates at the leading edge, the chordwise length of separation 𝑙 𝑠𝑒𝑝 /𝑐 is almost zero (Figure 23.c), meaning that only a very small leading edge separation bubble exists at 𝐶 𝑇 /𝜎 = 0.1. When 𝐶 𝑇 /𝜎 = 0.11 (Figure 24.a and Figure 24.b), this flow separation region gets larger (in radial and azimuthal directions) while a second flow separation region starts to appear for 310°≤ 𝜓 ≤ 360°. However, Figure 24.c indicates that, in this second region, the flow is not yet massively separated since 𝑙 𝑠𝑒𝑝 /𝑐 does not reach 1. At 𝐶 𝑇 /𝜎 = 0.12, the two separation flow regions spread in both radius and azimuth (Figure 25.a and Figure 25.b), while the separation now lies all along the chord since regions of 𝑙 𝑠𝑒𝑝 /𝑐 = 1 appear in Figure 25.c. These two massively separated regions are responsible for the two negative peaks of 𝑀 2 𝐶 𝑚 observed in Figure 14.e. At the highest thrust coefficient (𝐶 𝑇 /𝜎 = 0.125), these two areas of massively separated flow grow, while a third small separation bubble appears at the leading edge of the advancing blade (30°≤ 𝜓 ≤ 60°) but without leading to a new stall event (Figure 26). Such kinds of small separation bubble on the advancing blade tip region were also observed for dynamic stall cases of the 7A rotor in similar conditions (Ref. [START_REF] Castells | Numerical Analysis of RPM effect on Dynamic Stall Phenomena on Helicopter Rotor at High Thrust Forward Flight[END_REF].

Role of BVI in stall onset

Previous numerical investigations of rotor dynamic stall suggested that the interaction of the blade with the tip vortex emitted by the preceding blade could act as a triggering of stall (Refs. [START_REF] Richez | Analysis of Dynamic Stall Mechanisms in Helicopter Rotor Environment[END_REF][START_REF] Richez | Numerical Analysis of Dynamic Stall for Different Helicopter Rotor Flight Conditions[END_REF][START_REF] Grubb | High fidelity CFD Analyses of Dynamic Stall on a Four-Bladed Fully Articulated Rotor System[END_REF][START_REF] Castells | Numerical Analysis of RPM effect on Dynamic Stall Phenomena on Helicopter Rotor at High Thrust Forward Flight[END_REF][START_REF] Chaderjian | Navier-Stokes Simulation of UH-60A Rotor Wake Interaction Using Adaptive Mesh Refinement[END_REF][START_REF] Letzgus | Simulation of Dynamic Stall on an Elastic Rotor in High-Speed Turn Flight[END_REF]. This was especially observed for a highly-loaded 7A rotor at an advance ratio of 0.3. Since the UH-60A conditions considered in the present study corresponds to the same advance ratio with similar thrust coefficients, it can be expected that the same kind of interaction occurs in the stall region. Furthermore, the airloads of the UH-60A cases investigated here (Figure 6 to Figure 15) illustrate that the signature of a BVI event can be observed in the tip sections of the retreating blade even at low thrust where no stall is present (see the airloads smallamplitude fluctuations for 270°≤ 𝜓 ≤ 300° at 𝐶 𝑇 /𝜎 ≤ 0.1 in Figure 8 and Figure 9 and in Figure 13 and Figure 14).

The aerodynamic fields provided by the CFD simulations can be applied to improve the insight into the role of BVI in the stall events that occur in both inboard and outboard blade sections. The vortices of the rotor wake obtained with elsA are represented for 𝜓 = 270°, 𝜓 = 300° and 𝜓 = 330° in Figure 27, Figure 28 and Figure 29 respectively. The azimuth 𝜓 = 270° is chosen to correspond to the inboard dynamic stall, the azimuth 𝜓 = 300° to the first stall event that occurs in the outboard region, and 𝜓 = 330° to the second one. For each azimuth, the vortices are represented for pre-stall (𝐶 𝑇 /𝜎 = 0.1) and post-stall (𝐶 𝑇 /𝜎 = 0.125) conditions.

At 𝜓 = 270°, the interaction between the blade and the tip vortex of the preceding blade occurs at mid-radius (Figure 27.a and Figure 28.a). The vortical structure shed by the blade tip is composed of two main vortices, a classical tip vortex and a second one due to the discontinuity of the blade sweep law at 𝑟/𝑅 = 0.95 that can be seen in Figure 1.

Close-up views of the interaction show that the inboard stall vortex is emitted just after the interaction, in the region located inboard of the impact point of the BVI (Figure 27.b and Figure 27.d). This observation suggests that BVI likely triggers the inboard dynamic stall, similarly to what was observed in the previous studies of the 7A rotor. However, the tip vortex system is more complex for the UH-60A since the discontinuity of the blade tip geometry generates a double vortex system. Furthermore, it can be observed that the tip vortex is passing above the blade while the second vortex emitted at 𝑟/𝑅 = 0.95 is passing below. The same stall process is observed at both low (Figure 27.b) and high thrust (Figure 27.d), since the inboard dynamic stall was observed in the numerical simulations for all the test cases (Figure 11).

At 𝜓 = 300°, the stall vortex of the inboard part of the blade reaches the trailing edge (Figure 28.b and Figure 28.d), giving the end of this stall event, as can be seen in Figure 11 where the pitching moment coefficient gets positive. This azimuth also corresponds to the moment when the first outboard stall event occurs. At 𝐶 𝑇 /𝜎 = 0.1, only the inboard stall vortex can be seen (Figure 28.b). Although the outboard sections interact with the tip vortex of the preceding blade, no stall is observed at this low thrust value. However, the signature of this BVI appears in the airloads as can be seen in the top right of Figure 9 and Figure 14. Indeed, the normal force slightly drops while the pitching moment shows a small amplitude variation at the exact azimuth where BVI occurs (𝜓 = 300°). At 𝐶 𝑇 /𝜎 = 0.125, stall occurs in the outboard part of the blade at 𝜓 = 300° as shown by 𝑀 2 𝐶 𝑛 and 𝑀 2 𝐶 𝑚 (bottom right of Figure 9 and Figure 14 respectively). The stall vortices are clearly visible in Figure 28.d all along the blade span, including the outboard region.

The outboard stall vortex thus seems to be generated just after BVI, which tends to confirm that BVI could also trigger the first stall event of the outboard blade sections.

The azimuth 𝜓 = 330° corresponds to the second stall event encountered in the outboard blade region. Figure 29.a and Figure 29.b show that, at low thrust, the blade has just passed over the tip vortex emitted by the opposite blade. The intensity of this tip vortex is significantly reduced than the tip vortex of the preceding blade, as shown by the isocontours of vorticity magnitude. However, a small amplitude variation of 𝑀 2 𝐶 𝑚 can be seen around 𝜓 = 330° at 𝑟/𝑅 = 0.875 (top right of Figure 13) and 𝑟/𝑅 = 0.92 (top right of Figure 14) and is even more visible at 𝐶 𝑇 /𝜎 = 0.9 (middle top of Figure 13 and Figure 14). In post-stall condition (𝐶 𝑇 /𝜎 = 0.125), the locations of tip vortices are difficult to distinguish since very complex vortical structures arise from the merging of previous stall vortices and tip vortices (Figure 29.c and Figure 29.d). It is thus not obvious to draw a conclusion about the role of a new BVI involving the opposite blade tip vortex in the trigger of the second outboard stall event. Furthermore, previous research dedicated to 7A rotor showed that this second stall could be related to blade torsion deformation (Ref. [START_REF] Castells | Numerical Analysis of RPM effect on Dynamic Stall Phenomena on Helicopter Rotor at High Thrust Forward Flight[END_REF]. Indeed the first outboard stall event leads to a strong negative peak of the torsion angle 𝜃 𝑡 at 𝜓 = 300° for 𝐶 𝑇 /𝜎 = 0.125 and 𝜓 = 310° for 𝐶 𝑇 /𝜎 = 0.12 (Figure 30). This peak is followed by a rebound of the blade whose torsion reaches a local maximum at 𝜓 = 330° precisely where the second stall occurs. At 𝐶 𝑇 /𝜎 = 0.12, the amplitude variation of 𝜃 𝑡 is 2.5° (from -3° to -0.5°) and the second stall event only appears for 𝑟/𝑅 ≥ 0.92. At 𝐶 𝑇 /𝜎 = 0.125, the amplitude variation of 𝜃 𝑡 reaches 6° (from -5° to +1°), so that the second stall event here occurs on a larger region of the blade tip (𝑟/𝑅 ≥ 0.865) and with a stronger intensity.

Finally, the CFD results can only point to the role of BVI in the dynamic stall onset without giving any clear proof. To go further, it is necessary to remove the tip vortices, keeping the rest of the flow exactly the same. Such an approach could be very complex to set up in simulations of rotor conditions. An alternative way is proposed in Ref. [START_REF] Castells | A Numerical Investigation of the Influence of the Blade-Vortex Interaction on the Dynamic Stall Onset in Simplified Rotor Environment[END_REF], where the authors built up simplified flow conditions that reproduce dynamic stall in rotor environment with and without BVI. This work is based on 7A rotor test cases, and tends to show that the first outboard stall event is triggered by BVI while the second one may not.

CONCLUSIONS

Six flight conditions of the UH-60A rotor from a low thrust coefficient of 0.06 to a large value of 0.125 were numerically investigated with three different weak coupling CFD/CA methods implemented by the three partners of this collaborative research activity dedicated to rotor dynamic stall. US Army CCDC AvMC used a coupling between Helios CFD solver and RCAS code, while ONERA uses elsA for CFD and HOST for CA. GIT carried out a dualsolver hybrid strategy between CFD (OVERFLOW) and free-wake solver (CHARM) coupled with the Dymore multibody dynamics solver, in order to reduce the computational cost of a full CFD approach. The main conclusions of this large numerical study are the following:

 With prescribed blade motion and deformation, all of the three simulations provide very similar airloads, which proves that the differences between the codes in terms of numerical methods and turbulence modeling do not impact significantly the prediction of rotor dynamic stall.  At convergence of the CFD/CA coupling process, some differences arise between the three numerical approaches, very likely due to differences in the structural model of the CA codes, with a secondary influence based on the size of the numerical meshes.  Despite of these differences, all of the three numerical approaches show airloads in good agreement with experiments, although the intensity of dynamic stall can be slightly under or overestimated in the critical cases between pre-to post-stall regimes.  The evolution of the trim control angles as the rotor thrust increases is correctly captured by Helios and elsA, and a bit less by OVERFLOW-CHARM.  All of the codes predict very well the significant increase of rotor power at stall.  A larger scattering of the results is observed for the predicted structural loads, based on the differences in the CA models.  The spectral analysis of the torsion moment highlights the increase of the high frequency content at stall, especially the 6/rev harmonic, and this trend is captured by the simulations.  CFD results were used to create rotor maps of flow separation position and its chordwise extent to easily observe the evolution of flow separation from pre-to post-stall conditions.  The question of the role of BVI in triggering dynamic stall, already addressed in previous studies, is again analyzed in light of this new and large numerical database of UH-60A conditions.
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Dymore 4 .

 4 0 (Ref.[START_REF] Bauchau | DYMORE User's Manual[END_REF]), a finite element computational structural dynamics (CSD) solver for analysis of nonlinear flexible multi-body systems, provided the rotor trim and flexible modeling of the rotor blades. The library for Dymore contains a large number of different elements that can model arbitrary finite-element structures, along with multi-body dynamics. Each blade was modeled with 10 beam elements and 99 aerodynamic stations. The rotor hub included stiff springs and nonlinear mass damping to model the articulated blade motion.

  12 and 13) or based on the direction of the velocity vector at the edge of the boundary layers (Ref.[START_REF] Castells | Numerical Analysis of RPM effect on Dynamic Stall Phenomena on Helicopter Rotor at High Thrust Forward Flight[END_REF], but these finally give very similar results. The rotor maps of 𝑥 𝑠𝑒𝑝 /𝑐 obtained with Helios (respectively elsA) from 𝐶 𝑇 /𝜎 = 0.06 to 𝐶 𝑇 /𝜎 = 0.125 are shown in Figure21.a to Figure 26.a (respectively in Figure 21.b to Figure 26.b). To complete these data, the flow separation length 𝑙 𝑠𝑒𝑝 computed with elsA results is represented in Figure 21.c to Figure 26.c. Two main regions of massive flow separation can be observed in the rotor maps: a first one in the inboard blade part and the second one in the blade tip region. These two flow separation regions are analyzed in more details in the two following sections.
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 1 Figure 1: ElsA grid (ONERA).
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 2 Figure 2: Helios grid (US Army CCDC AvMC).
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 3 Figure 3: OVERFLOW-CHARM grid (GIT).
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 4 Figure 4: Section normal force coefficients for test case 4536 with elsA prescribed motion and deformation.
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 5 Figure 5: Section pitching moment coefficients for test case 4536 with elsA prescribed motion and deformation.
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 6 Figure 6: Section normal force coefficient at 𝒓/𝑹 = 𝟎. 𝟒𝟎𝟎.
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 7 Figure 7: Section normal force coefficient at 𝒓/𝑹 = 𝟎. 𝟕𝟕𝟓.
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 8 Figure 8: Section normal force coefficient at 𝒓/𝑹 = 𝟎. 𝟖𝟔𝟓.
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 9 Figure 9: Section normal force coefficient at 𝒓/𝑹 = 𝟎. 𝟗𝟐𝟎.

Figure 10 :

 10 Figure 10: Section normal force coefficient at 𝒓/𝑹 = 𝟎𝟗𝟔𝟓.
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 11 Figure 11: Section pitching moment coefficient at 𝒓/𝑹 = 𝟎. 𝟒𝟎𝟎 (mean removed).

Figure 12 :

 12 Figure 12: Section pitching moment coefficient at 𝒓/𝑹 = 𝟎. 𝟕𝟕𝟓 (mean removed).

Figure 13 :

 13 Figure 13: Section pitching moment coefficient at 𝒓/𝑹 = 𝟎. 𝟖𝟔𝟓 (mean removed).

Figure 14 :

 14 Figure 14: Section pitching moment coefficient at 𝒓/𝑹 = 𝟎. 𝟗𝟐𝟎 (mean removed).

Figure 15 :Figure 16 :Figure 17 :Figure 18 :

 15161718 Figure 15: Section pitching moment coefficient at 𝒓/𝑹 = 𝟎. 𝟗𝟔𝟓 (mean removed).

Figure 19 :

 19 Figure 19: Magnitude of the 6/rev harmonic of he torsional moment at 𝒓/𝑹 = 𝟎. 𝟑 as a function of rotor thrust coefficient.
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 202324272829 Figure 20: Half peak-to-peak torsional moment at 𝒓/𝑹 = 𝟎. 𝟑 as a function of rotor thrust coefficient

Figure 30 :

 30 Figure 30: Blade tip torsion angle (elsA results).

  

  

  

  

  𝑆𝜎] 𝑀²𝐶 𝑛 section normal force in the local airfoil frame 𝑀²𝐶 𝑚 section pitching moment coefficient in the local

		𝜃 1𝑐	cyclic lateral pitch angle, deg
		𝜃 1𝑠	cyclic longitudinal pitch angle, deg
		𝜃 𝑡	blade tip torsion angle, deg
		𝜓	blade azimuth, deg
		𝑟	radial coordinate, m
		𝜏 𝑤 ⃗⃗⃗⃗	wall shear stress, N.m -2
		𝜇	advance ratio, 𝑈 ∞ /(𝑅Ω)
		Ω	rotor angular velocity, rad/s
		‖Ω‖	vorticity magnitude, s -1
		airfoil frame
	𝐹 𝑍	rotor lift force in the wind frame, N
	𝑀 𝑡𝑖𝑝	tip Mach number, (𝑅Ω)/𝑎 ∞
	𝑃	rotor power, W
	𝑄	Q-criterion, 0.5(‖Ω‖ 2 -‖𝑆‖ 2 ) where Ω and 𝑆
		represent respectively the vorticity and the strain
		rate tensors, s -2
	R	rotor radius, m
	S	rotor disk area, 𝜋𝑅 2
	𝑈 ∞	freestream velocity, m/s
	𝛼 𝑆 𝑐	corrected rotor shaft angle, deg
	𝜌 ∞	freestream fluid density, kgm -3
	𝜎	rotor solidity, 𝑏𝑅𝑐 𝑟𝑒𝑓 /𝑆
	𝜃 0	collective pitch angle, deg

Table 1 :

 1 -scale 7A elastic rotor in high-thrust forward flight (Ref.[START_REF] Grubb | High fidelity CFD Analyses of Dynamic Stall on a Four-Bladed Fully Articulated Rotor System[END_REF]. The objective of the current paper is to extend the analysis initiated with the 7A rotor to the full scale UH-60A rotor. This rich database has been widely used for the validation of numerical simulations. In 2014, Lee-Rausch et al. focused on the speed sweep run of the test for validating CFD/CA simulations (Ref.[START_REF] Lee-Rausch | FUN3D Airloads Predictions for the Full-Scale UH-60A Airloads Rotor in a Wind Tunnel[END_REF]). The authors also showed that the wind-tunnel walls have a limited impact on the results when the corrected shaft angle is used. Yeo et al. also highlighted the significant improvement of CFD/CA simulations over comprehensive analysis tool for a speed sweep up to an advance ratio of 0.4 (Ref. 21). One test point at high thrust was also examined by the authors and the simulation showed good correlation with experimental data. Flow conditions.

	TEST CASES
	A wind-tunnel test of the full-scale UH-60A rotor was
	conducted in the National Full-Scale Aerodynamics
	Complex (NFAC) 40-by 80-foot wind-tunnel (Ref. 19).
	This test provides extensive data acquired over a large range
	of operating conditions. The database contains unsteady
	blade surface pressures, structural loads, rotor forces and
	moments.

5) and finite span wing (Ref. 18) in pitching oscillations and finally investigating the modelIn 2016, Potsdam et al. investigated the complex and unconventional conditions of slowed rotor at high advance ratio (Ref. 22), using CFD/CA for a better understanding of the aeroelastic behavior of the rotor in such conditions. The current study is focused on the thrust sweep (run 45) of the UH-60A wind-tunnel database (Ref. 19), which was not extensively investigated in previous works (Ref. 23).

  Three different numerical approaches have been applied by the different partners of this cooperative research activity. ONERA uses a loose coupling strategy between the elsA (property of Airbus, Safran and ONERA) CFD code (Ref. 24) and the HOST CA tool developed by Airbus Helicopters (Ref. 25). US Army CCDC AvMC uses the Helios software (Ref. 28) for CFD modeling with the OVERFLOW (Ref. 29) and FUN3D (Ref. 30) as the near-body solvers, and RCAS (Ref. 31) for CA. Georgia Tech has applied OVERFLOW-CHARM strategy (Refs. 32 and 33) with DYMORE4.0 (Ref. 34) for its CA modeling.
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