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Time efficient methodology for the evaluation of aerodynamics and flight mechanics of the RACER compound helicopter in hover under cross wind conditions

This paper describes a new mid-fidelity, steady RANS based, method to predict the aerodynamic interactions between rotating and fixed parts of the compound rotorcraft RACER of Airbus Helicopters. The method models main rotor and side propellers with source terms, hence avoiding near-body grids and unsteady overset grid techniques. The method is then applied to the analysis of the flight mechanics of the RACER in hover flight under cross-wind conditions, as part of the de-risking of the coming flight testing. The method is validated by comparison with higher-fidelity, URANS based, results taken from the literature. Trends on aircraft controls and pitch and roll attitudes are found to be consistent. The new mid-fidelity methodology provides physical insight on how the aerodynamic interactions between main rotor, fuselage, wings, rear parts, side propellers and cross wind impact aircraft controls and attitude to maintain a stabilized hover under cross-wind.

INTRODUCTION 1

The past few years have seen a regain of interest from major helicopter manufacturers in high speed compound rotorcrafts. In 2013 Airbus Helicopters demonstrator X 3 reached 472 km/h (255 knots) and proved the feasibility of combining a classical main rotor with fuselage-mounted wings and two side propellers to reach high cruise speed. Following this success, Airbus Helicopters decided to develop a new demonstrator that will then be turned into production. The so-called RACER (Rapid and Cost-Efficient Rotorcraft) was unveiled in the Paris air show in 2017 (Ref. [START_REF]Airbus Helicopters Reveals Racer High-Speed Demonstrator Configuration[END_REF]. Part of the RACER development was performed within the European Union's Clean Sky 2 (CS2) research program in the Fast Rotorcraft platform thanks to the cooperation of various international partners from industry and research institutes all over Europe. Among them, ONERA already took part to the design of some parts of the rotorcraft, and to the evaluation of its aerodynamic and acoustic performance (Ref. 2 and Ref. 4). In 2022, CS2 should come to an end along with the first flight of the RACER demonstrator.

From the beginning of the RACER project, efforts were dedicated to the design (Ref.2), the optimization of the rotorcraft (Ref. [START_REF] Pölzlbauer | Numerical Investigation of an Optimized Rotor Head Fairing for the RACER Compound Helicopter in Cruise Flight[END_REF]), the study of aerodynamic interactions (Ref. 3 and Ref. 4), its aero-acoustics (Ref. [START_REF] Öhrle | Coupled and Trimmed Aerodynamic and Aeroacoustic Simulations for Airbus Helicopters' Compound Helicopter RACER[END_REF], and also to its flight mechanics (Ref. [START_REF] Huot | Flight Mechanics of the RACER Compound H/C[END_REF]). The last point to be addressed before the first flight is the overall behavior of the rotorcraft over most of the flight envelope and the identification of potential critical flight conditions. The hovering capability under crosswind conditions could be one of them and it is the main focus of this work.

Up to now, at Airbus Helicopters, rotorcraft equilibrium is computed mainly using the rotorcraft comprehensive analysis HOST (or its python wrapping GHOST) tool (Ref. [START_REF] Benoit | HOST, a General Helicopter Simulation Tool for Germany and France[END_REF]. The main advantage of such tool is its very low compuation time, enabling to investigate various flight conditions quickly. However, the main limitation of this tool is its ability to correctly capture all the aerodynamic interactions. The airloads on the different part of the rotorcraft are evaluated using tables computed on isolated components or extracted from experimental databases, whereas interactions with the different rotor wakes are added using empirical corrections. While this kind of approach is perfectly suitable to evaluate a conventional rotorcraft configuration, it is no longer the case for the RACER. Its specific setup introduces several aerodynamic interactions between fixed parts (wings, fin, fuselage, etc.) and rotating parts (main rotor, lateral rotors) which are out of reach for conventional low fidelity tools.

A higher fidelity approach to tackle rotorcraft equilibrium prediction could be the use of a coupling between a CFD solver and a flight mechanics tool. It has been used successfully in the past at Onera and Airbus Helicopters on conventional rotorcraft. However the computational cost of such approach is not compatible with the time frame of flight test support. . Such kind of computation has also been performed by Stuttgart University on the RACER for quartering flight analysis (Ref. 9), but once again computational cost is prohibitive for industrial needs (roughly 1 000 000 CPU hours per wind condition according to the authors). While it is feasible to precisely investigate a few flight conditions it becomes unrealistic if a large range of flight conditions is of concern, and not reactive enough to provide a full support during the flight tests.

In order to support the flight test, secure a large part of the flight envelope and confirm the pedal margin beforehand, an accurate and fast enough approach to compute the full RACER equilibrium in any flight condition was needed.

In this work, a new mid-fidelity methodology is described and applied to the RACER hovering under lateral wind. This approach is able to account for most of the significant aerodynamic interactions that could affect the stability of the rotorcraft while being efficient in terms of CPU time. This methodology will be first validated on a condition similar to the one described in Ref. 9. Then various flight conditions in terms of wind speed and rotorcraft weight will be analysed. Finally some key lessons learned on the RACER stability point of view will be drawn.

RACER PILOTING ASPECTS

Due to the addition of two side propellers and the choice that was made to fly with level rotor disc, the RACER handling qualities and piloting aspect are different to those of conventional helicopters. Details with regard to these aspects can be found in Ref. [START_REF] Huot | Flight Mechanics of the RACER Compound H/C[END_REF]. The authors outline the fact that longitudinal and yaw stability of the RACER can strongly be affected by aerodynamic interactions:  Interaction between the wing and the rear parts could longitudinally modify the stability behavior of the rotorcraft.

 At low speed, while the main rotor torque countering is mainly done using differential lateral propeller thrust, the yaw stability is partly ensured by the vertical fin which should not be perturbed by the side propellers. It also relies on the asymmetrical shape of the tailboom, which take benefits from the main rotor downwash to create antitorque.

These phenomena reinforce the need to precisely account for the aerodynamic interactions to evaluate the RACER equilibrium.

Concerning the flight control, two new parameters, compared to conventional helicopters, are introduced to manage the propellers:  DTH (Thrust Control command), which is linked to the lateral rotor contribution to the helicopter propulsive force, expressed as the average of the left and right propeller pitch settings, 𝜃 𝐿 and 𝜃 𝑅 , respectively:

𝐷𝑇𝐻 = 𝜃 𝐿 + 𝜃 𝑅 2
 The differential pitch, also known as DTA, which is linked to the anti-torque function of the lateral rotors, expressed as :

𝐷𝑇𝐴 = 𝜃 𝐿 -𝜃 𝑅 2
In the current study, which involves hovering flight conditions, DTH is fixed for a given wind condition and kept constant along the whole process. DTA is a trim variable.

NUMERICAL METHODOLOGY

While the rotorcraft comprehensive analysis HOST is a suitable tool for the flight mechanics part of the process, the only way to accurately capture the aerodynamic interactions between the main rotor, the lateral rotors and the fixed parts is to use a CFD solver, which is, in the current application, elsA (Ref. 10). However in order to keep the computational time low enough, some simplifications have to be made. First, the influence of the fixed part and the side propellers on the main rotor loads can be considered as very small (Ref. 11), therefore the main rotor is modeled as an actuator disc. Secondly, the side propellers blade passing unsteadiness effect on the fixed parts is considered to have a very small influence on the rotorcraft stability. However, the effect of all the different parts on the side propellers aerodynamics cannot be neglected, therefore a simple actuator disc cannot be used, and it was decided to model the side propellers through source terms that react to local inflow (Refs. [START_REF] Fisher | Simulation and Analysis of the Aerodynamic Interaction between Distributed Propulsion and Wings[END_REF][START_REF] Ortun | A coupled RANS/Lifting Line Analysis for Modelling the Aerodynamics of Distributed Propulsion[END_REF]. Doing so enables to run steady CFD computations which are faster than unsteady ones. The next sections describe the three different tools that were coupled together for this study.

Rotorcraft comprehensive analysis model

Aircraft trim (cancelling displacement and rotation while hovering in cross-wind) is provided by Airbus Helicopters' in-house comprehensive analysis Helicopter Overall Simulation Tool (HOST) (Ref. 8) in its python wrapped form (GHOST). The HOST model of the RACER is the one referred as CS2_A9. It includes all the relevant part of the rotorcraft including fuselage, wings, horizontal stabilizer and vertical fin, lateral rotors and main rotor. It also includes an aero-elastic model of the main rotor whose airloads are evaluated using a lifting line method based on 2D airfoil lookup tables. Concerning the lateral propellers an analytical model is used. It means that the overall propeller loads are evaluated as a function of propeller pitch angle using a simple 2D table.

While some empirical corrections are applied to the fixed part aerodynamics to account for some of the interactions, all the rotors are assumed to behave as isolated ones. Interactions are taken into account by corrections to the fixed part and lateral rotors loads using CFD results.

The rotorcraft trim has six degrees of freedom (free flight). The main rotor controls (𝜃 0 , 𝜃 𝐶 , 𝜃 𝑆 ), helicopter roll (Φ) and pitch (𝜃), as well as the lateral rotors differential pitch (DTA) are determined in order to reach zero translational and rotational accelerations. The thrust control command (DTH) is pre-determined using simplified computation in order to reach the chosen torque ratio between lateral rotors. While the DTH, which is linked to the anti-torque ratio, is kept constant during the trim, the DTA is updated at each coupling loop to achieve the required total anti-torque.

An important parameter for the computation of the overall rotorcraft equilibrium is the location where all the different components loads and moments are applied with respect to the center of gravity. For the rotating part it is at the center of each rotor, and for all the fixed part they are located in the symmetry plane of the rotorcraft. The vertical and longitudinal positions are shown in Figure 1. In this figure it clearly appears that even small aerodynamic interactions on the horizontal stabilizer (blue part) or vertical fin (green part) will have significant effect on the rotorcraft stability due to the level arm. 

CFD RANS model

The CFD model used in this study relies on RACER meshes that were already used in previous CS2-NACOR activities. It consists of bodyfitted, structured, multiblock, meshes around the different rotorcraft parts immersed in a Cartesian background grid. A view of the different bodyfitted grids is given in Figure 2. Since the main rotor and the lateral rotors are modeled respectively using actuator disc and source terms, they are meshed using simple cylindrical grids (Figure 3).

The Cartesian background grid consists of eight different grid levels with one over two grid size ratio between each other and extends up to 20 times the main rotor radius in all directions (Figure 4). The finest mesh size is 8% of main rotor radius.

The total number of mesh point is 88 million, with 28 million for the background grid and 60 million for the bodyfitted ones. Connections between all the different grids are handled by the CFD solver using chimera technique. iterations in order to ensure a faster convergence. K-ω Kok model was used for the turbulence with Zheng limiter and SST correction. Jameson's spatial scheme was used with an increase of the artificial dissipation coefficients (𝜒 2 = 0.5, 𝜒 4 = 0.064 ) compared to what is usually done in order to ensure good convergence even with the large flow separations that are expected in cross wind conditions. While this choice of coefficients is known to be too large for a precise evaluation of the loads, they are believed to be sufficient for capturing most of the aerodynamic trends. In order to handle the large flow separation that are expected to occur in some flow conditions, a larger than usual number of iterations are run (from 32000 during the first coupling iteration to 16000 at the end of the process) and the loads on the rotorcraft components used to update the trim process are then averaged over 8000 iterations computation. These values where chosen based on a parametric study to ensure the best convergence of the coupling process.

Lifting-line model

The lateral rotors are modeled in the CFD computation using source terms. The Onera lifting line based solver PUMA (Ref. [START_REF] Gallas | Experimental and numerical investigation of the aerodynamic interactions between a hovering helicopter and surrounding obstacles[END_REF]Ref. 14 ,Ref. 11), is used to set the values of these source terms

The airfoil data needed for lifting-line (PUMA) computations were provided by Airbus Helicopters and they were also used to build the analytical model of the propellers implement in GHOST. In the current study only the lifting line part of PUMA is used (no induced velocity model activated), along with its ability to include arbitrary perturbation flowfield. The flowfield around the lateral rotors locations which includes the contribution from all the different elements is extracted from the CFD computation and used by PUMA to compute the lateral rotors loads. Since this input flowfield includes the lateral rotor induced velocities there is no need to model the wakes within PUMA. The flow surrounding the lateral rotors is highly non-axisymmetric, therefore an unsteady computation is performed using an azimuthal discretization of 10 degrees. The rotor blade span is discretized using 25 different blade sections. Once the lateral rotor loads are computed over on revolution, it is converted into source terms distributed in the volume swept by the blades over one revolution (Figure 5). This kind of coupling between elsA and PUMA has been successfully applied and validated in the past on different cases, including distributed propulsion (Ref. 15 and 16). 

Workflow

The numerical methodology developed in this study is therefore a coupling between three different solvers: comprehensive analysis (GHOST), RANS CFD (elsA) and lifting-line (PUMA). The final process is shown in Figure 6.

Before starting the coupling procedure, a simplified trim is used to fix the DTH for the given flight condition and lateral rotor anti torque ratio. Then a first trim is performed using GHOST. The fuselage attitude, main rotor actuator disc data and lateral rotors pitches (through DTA parameter, DTH is kept fixed during the full coupling process) are passed to elsA. The elsA computation is itself a coupling process. Every 5 th iteration, the flow around the lateral rotors is provided to PUMA, which performs a lifting line computation over one blade revolution and in return provides to elsA the source terms values. Once elsA computation is converged, the six forces and moments of the rotorcraft fixed parts and lateral rotors are averaged over a certain amount of iterations and sent back to GHOST. From Note that some wind conditions do not reach such good level of convergence and the maximum number of coupling iterations was arbitrarily set to 11 in these cases.

Using this framework, one flight condition equilibrium is reached in roughly 16 times less CPU time than the high fidelity approach shown in Ref. 9.

NUMERICAL VALIDATION

Once the framework was setup, and before going into the computation of all the flight conditions of interest it was mandatory to validate this new approach. Unfortunately no experiment is available, since all these computations have to be performed before the flight tests. It was then decided to compare numerical results to the literature. One flight condition of interest was found to be close enough to the one published in Ref 9. While it is not exactly the same aircraft model and flight conditions (Table 1), it is expected that they are close enough to give similar trends. Note that in this section, the wind direction convention is not the same as the one used for the numerical analysis in the next sections. The wind convention from Ref. 9 was used to ease the comparison (wind at 90° when the pilot is seeing it coming from its left). 

Overall Flow behavior

Figure 7, Figure 8 and Figure 9 compare the overall flowfield in the vicinity of the rotorcraft for lateral wind coming from the right and from the left using the high fidelity approach from Ref. 9 and the current mid fidelity one. While the freestream velocity is slightly lower in the high fidelity approach, the aerodynamic interactions shown in Figure 7 are quite similar. The massive flow separation on the starboard side of the rotorcraft is captured by the mid fidelity method in a very similar way to the high fidelity one. More over the interaction between the left propeller wake and the rear parts is also very similar. It extends over a slightly larger area in the mid fidelity results, but it may be only due to the larger freestream velocity that leads to a larger deviation of the wake. On Figure 8 and Figure 9, both results show the large flow separation below the wing due to the impingement of the main rotor wake. The high fidelity methods seems to feature larger areas of vorticity, however, it should be noticed that in this approach the figure was generated using a time averaging of the results over one rotor revolution, while in the mid fidelity figure, it is an instantaneous view at the last iteration. The rotor hub wake is not captured by the mid fidelity method since the hub is not modeled. The vorticity seen in this area is due to the fountain flow which is usually observed when the rotor hub and head is not modeled. Concerning the impingement of the main rotor wake edge (tip vortices) on the lateral propeller, it occurs at a similar position for both methods. Once again, in the mid fidelity approach, which uses a higher freestream velocity and a rigid main rotor (without conicity), the main rotor wake only seems to be pushed a little bit further toward the fuselage.

Overall, we can conclude that the mid fidelity method captures most of the aerodynamic interactions that occur on the RACER compound rotorcraft in crosswind conditions.

Trim output

We also have to compare the final output of the trim process and ensure that it is accurate enough using the midfidelity approach. Figure 10 is showing the variation of roll attitude and lateral force over wind direction. It can be observed that both the roll and the lateral force behave in very similar manners in both computations. These trends can actually be explained with very simple flight mechanics considerations. The occurrence of a side force on the rotorcraft airframe due to the lateral wind leads to a sideward tilting of the rotorcraft to counteract those forces and keep the helicopter stationary. Therefore an almost sinusoidal and symmetrical shape with the most extreme attitude occurring in purely lateral wind was expected. The small dissymmetry that could be observed in a similar manner in both computations are linked to the nonsymmetrical airframe shape and aerodynamic interactions induced by the lateral wind. Figure 11 shows the evolution of the main rotor collective and cyclic pitch over the wind direction non dimensionalized by the headwind case. Very good agreement is observed for the cyclic pitch, while some large discrepancies occur between both methods on the collective. The collective pitch main effect is to balance the rotorcraft weight and the download generated on the airframe. Overall the variation of collective pitch is extremely small (less than 0.4 deg) using both methodologies, with a maximum for tail wind conditions.

A major difference between high and mid fidelity computations is that using the high fidelity approach, the collective variation is symmetric with respect to the wind direction, while it is no longer the case using the mid fidelity method. However the main rotor modeling is quite different between the high fidelity computation (aeroelastic blade modeling with rotor head) and the mid fidelity, which relies on a wake model with no interaction with the other components (no correction of the main rotor airloads as a function of local inflow). These differences are actually the consequences of the hypothesis that the main rotor loads are not affected by the other rotorcraft component that was made for this study. Knowing these limitations, agreement could be considered as acceptable. The cyclic angles, which balance the roll and pitch moment, and also compensate rotor inflow asymmetry, are in much better agreement. Knowing that the mid fidelity method does not account for the interaction of the rotorcraft part on the main rotor inflow, it means that most of the cyclic changes are due to the roll and pitch attitude of the rotorcraft and the discrepancies between the numerical approaches are on the other hand mainly linked to interactional effects. 9 suggest an approach to determine the required control input on cyclic pitch for counteracting the inflow asymmetry due to the rotor wake that is deflected by the wind in low speed and crosswind conditions. Figure 12 shows the cyclic pitch input dedicated to the compensation of this inflow asymmetry. Once again both models are giving very close results, with the same patterns over wind direction. It means that wake generated by the actuator disc in the mid fidelity approach models suitably the mean wake of the actual rotor, and it should be able to correctly capture the effects of the aerodynamic interactions. Figure 13 shows the main rotor thrust and efficiency over the wind direction. While the trends in the thrust evolution seem correct using the mid-fidelity method, its absolute values are quite different than for the high fidelity one. This is directly linked to the discrepancies observed earlier on the main rotor collective pitch and it is a known issue of lifting line model compared to RANS computations. However, there is some kind of error compensation between the thrust and power coefficicent which leads to a somewhat similar behavior of the efficiency both in terms of trends and absolute values. Once again this kind of error compensation is relatively common when comparing RANS CFD rotor loads to lifting line results. It is expected to have only minor effect on the search of rotorcraft stability conditions.

At last, an important output of the coupling process is the lateral rotors pitch settings since the main focus of this study is to ensure sufficient pedal margin for all the flight conditions. Figure 14 shows the differential pitch (DTA) and lateral rotors thrust. Concerning the differential pitch, trends are similar but the mid fidelity methods tends to overestimate it compared to the high fidelity. However, it should be kept in mind that both computations are run with a different thurst control command (DTH) law. In the mid fidelity approach the DTH changes with respect to the wind direction, while in the high fidelity one it is kept constant. Therefore the comparison may be slightly unfair. The discrepancies observed on the differential pitch are also seen, even if it is less obvious, on the thrust coefficent variation. Once again the trend is very similar with only minor differences in terme of absolute values.

Figure 14 : Variation of differential pitch (top) and relative thrust coefficients (bottom) of the lateral rotors over wind direction

While the level of modelling is very different between the mid and high fidelity, the aerodynamic interactions and trimming solution are relatively close. Accounting for the fact that the flight conditions, the trim conditions and the rotorcraft model are not exactly the same, those results are deemed acceptable. Therefore the mid fidelity methods can be considered as validated and can be used to evaluate and analyze all the different flight conditions requested.

NUMERICAL RESULTS

A selection of the wind conditions investigated in order to de-risk the flight test are shown here. For this study we focused our analysis on the effect of the wind speed and of the rotorcraft weight (anti-torque ratio between left and right rotor is fixed at 70% for all cases) using the following cases: In all the following discussions the wind direction convention used will be the one given in Figure 15. The loads will be defined in the earth reference frame (Z toward the ground, X toward the nose of the rotorcraft, and Y toward the right of the rotorcraft) and moments will be expressed at the fuselage center. As seen in Figure 17, the overall vertical force (Fz) is oscillating with the wind direction with a maximum in head and tail wind, and minimums in side wind directions. This is mainly due to the downwash on the wing and the horizontal fin. The horizontal fin is mainly impinged by the main rotor wake in head wind conditions. Concerning the wings, they are fully immersed in the main rotor wake for axial wind, but for lateral wind, part of one wing is out of the main rotor wake leading to lower vertical loads. For a heavier rotorcraft, the disc loading will be larger, with higher velocities in the wake which leads to higher downwash on most of the components. The required increase of thrust on the main rotor is produced by increasing the blade pitch angle of about 3°. It can be observed that the overall dynamic of the main rotor is almost not affected by the rotorcraft weight since sine and cosine component of the cyclic pitch keep the same trends.


The lateral rotors pitch and thrust for both weights are shown in Figure 18. The lateral propellers thrust is directly linked to the force required to compensate the main rotor torque. Since all the computations were performed using a 70/30 torque ratio, the left rotor thrust is around twice the right rotor one which is of opposite sign. Therefore the net thrust of both propellers is not zero and the rotorcraft pitch will have to be adjusted to ensure hovering conditions. The rotorcraft weight does not impact the overall evolution of the lateral propellers characteristics with respect to the wind direction. The increase of rotorcraft weight, require an increase of the main rotor thrust which consequently increase the main rotor torque and the need for anti-torque from the lateral rotors. 70% of the anti-torque is provided by the left rotor which pitch increase between 2 to 4 degrees, while the right rotor pitch only decreases (reverse thrust) by 1 to 3 degrees due to its lower contribution to anti-torque. It can be observed that the fluctuations with respect to wind azimuth of the lateral rotors thrust do not follow exactly the trends of the main rotor torque. This is actually due to the fact that some parts of the rotorcraft are also contributing to anti-torque. In Figure 19 it can be observed that resulting moment around the vertical axis (Mz) from the fuselage and the vertical fins is quite important. Note that the vertical fins were actually designed with a cambered shape in order to naturally produce anti-torque in axial wind conditions. When the wind is coming from the right, vertical fins and fuselage contribute positively to anti-torque, while for opposite direction it is no longer the case. It can be observed that the vertical fins behavior is non symmetrical with respect to the wind direction. Figure 20 (respectively Figure 21) illustrates the vertical velocity and stream lines in a horizontal plane passing through the lateral rotor center along with the spanwise distribution of loads on both vertical fins for a wind coming from the left (respectively from the right). For both side wind conditions it can be observed that the rear parts are not actually inside the main rotor wake. When the wind is coming from the right it directly impinges the rear parts with a side slip angle close to the one from the wind. However, when the wind is coming from the left, the left lateral rotor wake is somewhat protecting the left vertical fin from the side wind and contributes to maintain a more axial flow around it. It leads to important differences in the side force acting on the vertical fins which explain their non symmetrical contribution to anti-torque.

Figure 22 shows the rotorcraft attitude as a function of the wind direction for both weights (Positive roll is to the right and positive pitch is nose up). The yaw is zero since it was a constraint of the trimming process. The roll angle shows a roughly sinusoidal shape with the extreme attitudes occurring when the wind is coming either from the left or the right. This overall behavior can easily be explained by the fact that the wind is generating lateral force acting on the rotorcraft. The main rotor has to be tilted in order to convert part of the rotor thrust into lateral force to counter it and keep the rotorcraft stationary. However, a small dissymmetry in the rolling angle can be observed. It is slightly larger for a wind coming from the left (negative azimuth), with a larger effect of the rotorcraft weight, compared to right wind conditions. This can be explained by looking at the lateral force on the fixed part of the rotorcraft in Figure 23.

It can be seen that for a wind coming from the left, the total lateral force is slightly larger than for a right wind condition mainly due to the contribution of the fuselage and the wings. It can also be observed that the lateral force is slightly larger for a heavier rotorcraft, with larger effect for a wind coming from the right. In side wind conditions, the side force acting on the rotorcraft has two different origins: the wind itself and the main rotor wake deviated by the wind. It can be observed in Figure 24 that the pressure over the fuselage is larger for a wind coming from the right. This is due to the left propeller wake which is limiting the interaction between the side wind and the rear part of the fuselage in left side wind conditions. It can also be observed that when the rotorcraft weight is increased, the pressure over the fuselage becomes larger. This come from a larger main rotor disc loading inducing larger velocities in the wake which impinges the fuselage. But in left side wind conditions, it is mostly the front part of the fuselage which is affected, leading to a lower weight effect on the side force than for a wind coming from the right for which pressure changes also occurs on the tail boom.

At last it should be noticed that even if on a heavier rotorcraft the side force is larger, due to the higher main rotor thrust a lower rolling angle is still needed to counteract it. The pitch attitude has a more complex evolution with respect to the wind direction and oscillates around 5 degrees. The reason for a positive pitch over the full range of wind direction is the lateral rotor thrust. Due to the anti-torque ratio of 70/30, the overall resulting thrust from both lateral rotors is positive, therefore in order to keep the rotorcraft stationary a certain amount of pitch up is necessary. Even if a heavier rotorcraft requires more main rotor thrust and more anti-torque the net resulting lateral rotor thrust is only slightly modified as observed in Figure 18. But overall less pitch should be needed to compensate for it due to the higher main rotor thrust.

However, the pitch attitude of the rotorcraft is not only due to the net lateral rotor thrust. Its origin is much more complex, it is also a consequence of the rotorcraft drag and the pitching moment induced by the fixed parts. Analyzing these two quantities could help to explain the fluctuations observed with respect to the azimuth. The pitch angle has to counter the rotorcraft drag (Fx) which is almost sinusoidal with a maximum in back wind conditions and a minimum in front wind conditions (Figure 25, left). But it also has to counter the pitching moment induced by the vertical forces (Figure 17) on the rear part of the rotorcraft which is positive between -45° and +45° and slightly negative for lateral back wind as seen in Figure 25 (right). Once again, some variations occur with respect to the rotorcraft weight due to different disc loading inducing different main rotor / fixed part interactions. In this study three different wind speeds were computed for the same rotorcraft weight (heavy configuration) and anti-torque ratio (70%). The different results are compared in this section in order to outline the effect on the rotorcraft commands of changing the wind speed.

The main rotor loads and pitch angles for the three different wind speeds are shown in Figure 26. Overall there is a decrease of the thrust and torque as the wind speed is increasing. It was expected since the main rotor thrust is mainly driven by the downwash on the rotorcraft. As the wind speed is increasing, the main rotor wake is pushed away from the rotorcraft therefore lowering the download on it. It can actually be observed on Figure 27 that at low speed most of the vertical force (Fz) is produced by the wings. As the wind velocity is increasing the downwash from the wings and fuselage is decreasing. At 35kts the main rotor wake is impinging the horizontal fin increasing its contribution to the overall rotorcraft download. At higher wind speed, interaction between the main rotor wake and most of the rotorcraft parts become very low, lowering the required thrust. As it could be expected the main rotor power follows the same trends as the thrust. The rotorcraft dynamics remain relatively similar at all wind speed. The increase of thrust is produced by an increase of pitch, without too many differences in the trends of the sine component of the cyclic pitch. However, the cosine component features a singular behavior at 45kts. The lateral rotors pitch and thrust for the three different wind speeds are shown in Figure 28. Overall, as the wind speed increases, the lateral rotors pitches decrease due to the reduction of main rotor torque that needs to be compensated for. It could be observed that in some wind conditions the 70/30 anti-torque ratio between both lateral rotors does not seems to be perfectly ensured. This is due to the way the anti-torque ratio is imposed. It is done by fixing the DTH variable based on a simplified computation that does not account for all the aerodynamic interactions. Depending on the actual flow condition in the vicinity of the lateral rotor, the anti-torque contribution may vary.

The left rotor features very small variation of thrust between the different wind speed and most of the changes occur on the right rotor. Overall, the lateral rotor behavior is similar between 35kts and 45kts. Major differences occur only at 20kts. This is due to the fact that at low wind speed, the main rotor wake is interacting with most of the rotorcraft including both lateral rotors for any wind direction considered. Not only the lateral rotors are operating in more favorable conditions at 35kts and 45kts, but, as it can be observed in Figure 29, the vertical fin are providing a much larger contribution to overall anti-torque for a wind at 45° at 35kts and 45kts. When the wind is coming from the left, at any wind speed, the detrimental effect of the moment around the vertical axis provided by the vertical fins, always remain relatively low (compared to the beneficial effect for a wind coming from the right) thanks to the left propeller wake as already explained before. Figure 30 shows the rotorcraft attitude as a function of the wind direction for the three different wind speeds. As it was already explained before, the roll angle is mainly driven by the lateral force (Fy) acting on the rotorcraft. As the wind speed increases so does this lateral force, as seen in Figure 31, leading to this almost symmetrical behavior of the roll angle. Once again the changes on the pitch angle are less obvious to explain. This is a consequence of a combination between the lateral rotors net thrust, the rotorcraft drag and the pitching moment mainly provided by the horizontal fin.

As seen in Figure 32 (left), the overall rotorcraft drag is increasing with the wind speed in axial conditions, but the opposite trends is observed in side wind conditions. It will induce a decrease of the pitch angle with respect to the wind speed in axial wind and an increase in side wind conditions. The net lateral rotor thrust decreases with the wind speed with larger effect for axial and 45° wind directions. Which should lead, in these conditions to a lower pitch attitude.

At last, pitching moment generated by the aerodynamic interactions, mainly on the horizontal fin stabilizer (Figure 32, right), is almost constant with respect to wind azimuth at 20kts and 35kts, but largely decreases in head wind conditions at 45kts, due to the fact that the main rotor wake no longer interacts with the horizontal fin. The complexity of all these contributions does not enable to clearly explain the pitch attitude behavior observed here. Moreover, these observations should be mitigated by the fact that the main rotor thrust decreases as the wind speed increases, increasing the need of pitch to compensate for the same amount of loads on the rotorcraft.

CONCLUSIONS

A cost effective methodology for the evaluation of aerodynamic and flight mechanics of the RACER helicopter was setup. Since no experiment is available at this time, the methodology was compared to higher fidelity URANS CFD computations from the literature. It has proven to require 16 times less CPU time than the URANS approach and to capture most of the flow physics leading to acceptable trim results. This method was applied on several hovering flight conditions with a variation of helicopter weight, wind speed and direction.

While it is quite difficult to draw any general conclusion about the rotorcraft behavior with respect to wind speed and wind direction, some key points can nonetheless be outlined:  Vertical fins have an important contribution to antitorque. But interactions with main rotor and lateral rotors wake have significant effects, either beneficial or adverse, depending on the wind direction and speed.

 The download on the fixed part of the rotorcraft generated by the main rotor wake is largely affected by the lateral rotors wakes. The resulting forces hence the main rotor thrust are not symmetrical with respect to the wind directions.

 The right lateral rotor operates in reverse mode. Its wake most often interacts with the right wing, and almost never impact the rear parts.

 The left lateral rotor has almost no effect on the wing aerodynamics, but often interacts with the rear parts.

All these key observations outline the fact that accounting for aerodynamic interactions between rotating and fixed components is mandatory to accurately predict the RACER attitude in cross wind conditions. The empirical model used by low fidelity methods is not accurate enough to provide acceptable results and mid, or high fidelity approaches are recommended.

Finally, none of the investigated conditions has been found to be critical in terms of aircraft stability and the pedal margin was always below its acceptable limit.
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 1 Figure 1 : Rotorcraft components forces and moments application points
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 2 Figure 2 : Surface meshes used in the current study
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 34 Figure 3 : Rotating part meshes used in the current study
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 5 Figure 5 : Source term coupling between PUMA and elsA
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 6 Figure 6 : New, CPU efficient, coupling framework for RACER aero-mechanical equilibrium computation
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 789 Figure 7 : Axial velocity in an horizontal slice at the height of lateral rotors with wind coming from the left (left: High fidelity Ref 9, right: Mid fidelity)
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 10 Figure 10 : Variation of roll attitude and lateral force over wind direction, total force excluding main rotor.

Figure 11 :

 11 Figure 11 : Variation of main rotor collective pitch (left), cyclic pitch right), in relation to headwind case Thiemeier et al. in Ref.9 suggest an approach to determine the required control input on cyclic pitch for counteracting the inflow asymmetry due to the rotor wake that is deflected by the wind in low speed and crosswind conditions. Figure12shows the cyclic pitch input dedicated to the compensation of this inflow asymmetry. Once again both models are giving very close results, with the same
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 1213 Figure 12 : Cyclic pitch input for the compensation of inflow asymmetries due to the wind influence

  Max weight in hovering flight under 20kts of wind ranging from azimuth 0° to 360° (Δ𝜓 = 45°).  Min weight in hovering flight under 20kts of wind ranging from azimuth 0° to 360° (Δ𝜓 = 45°).  Max weight in hovering flight under 35kts of wind ranging from azimuth -45° to 45° (Δ𝜓 = 45°).  Max weight in hovering flight under 45kts of wind ranging from azimuth -45° to 45° (Δ𝜓 = 45°).
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 15 Figure 15 : Wind direction convention Wind direction effects at 20Kts: light vs. heavy rotorcraft In this section, the effect of the rotorcraft weight on its stability is investigated. It is performed by comparing two different rotorcraft weights (20% difference between the heavy and light configuration) under 20kts wind speed coming from 0° to 360° azimuth.The main rotor loads and pitch angles for both weights are shown in Figure16. As it could have been expected, the main rotor thrust is directly linked to the rotorcraft weight and it oscillating around mean values that are close to the rotorcraft weight. The fluctuations observed with respect to
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 16 Figure 16: Weight effect on main rotor characteristics as a function of the wind direction (wind speed 20kts)
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 17 Figure 17: Weight effect on fixed part vertical loads as a function of the wind direction (wind speed 20kts)
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 1819 Figure 18: Weight effect on lateral rotor characteristics as a function of the wind direction (wind speed 20kts)

Figure 20 :Figure 21 :

 2021 Figure 20: Flowfield in a horizontal plane passing through the lateral rotor center in left side wind conditions (top) and right side wind conditions (bottom) at max weight and 20kts
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 222324 Figure 22: Weight effect on rotorcraft attitude as a function of the wind direction (wind speed 20kts)
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 25 Figure 25: Weight effect on fixed part contribution to drag and pitching moment as a function of the wind direction (wind speed 20kts) Wind speed effect on the heavy rotorcraft
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 262728 Figure 26: Wind speed effect on main rotor characteristics as a function of the wind direction (max weight)
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 29 Figure 29: Wind speed effect on fixed part moment around vertical axis as a function of the wind direction (max weight)
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 303132 Figure 30: Wind speed effect on rotorcraft attitude as a function of the wind direction (max weight)

Table 1 : Differences between mid-fidelity (current work) and high fidelity (Ref. 9) models

 1 

		Mid Fidelity	High fidelity
		(current work)	(Ref. 9)
	RACER model	CS2_A9	CS2_A5
	Wind Speed	20 kts	17 kts
	Anti-torque Ratio	70%	variable
	DTH	0.3° to 2.93°	1°
		Steady	Unsteady
	CFD model	Actuator disc No conicity	Aero-elastic Engine exhaust
		Source terms	Rotor head
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