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Prediction of RACER's Lateral Rotor Noise Using the CONCERTO Chain

This paper is aimed to present a computational chain developed in the framework of the CleanSky 2 European CONCERTO project. This computational chain is devoted to the prediction of the noise emitted by the lateral rotors of the Airbus Helicopters' RACER demonstrator using both fast prediction and high fidelity approaches. One of the main challenges addressed in this paper is the capacity to predict rapidly the aerodynamic and acoustic interaction effects due to the vicinity of the wings and the fuselage. From an aerodynamic point of view, it is proven by comparison with high-fidelity results that it can be achieved thanks to a free-wake code using velocity perturbation fields to properly take into account the wings wake viscosity effect and to solve issues linked to the rotational speed difference between the main rotor and the propellers. Comparisons with a Boundary Element Method code show also that a Kirchhoff approximation appears to be a good option to rapidly assess, at least in terms of tendencies, the impact of near solid surfaces on the noise radiation.

INTRODUCTION 1

Growing demand for air travel raises new environmental and socio-economic challenges. The investment made by European Union and its aeronautics sector through the Horizon 2020 program will be decisive for delivering the innovations defining this century's flying fleet and its environmental footprint. As Public-Private Partnership, Clean Sky 2 (CS2) represents a strategic input to the H2020 objectives, by boosting private investments in Research and Innovation, making the best use of public research funding and delivering higher TRL outputs based on full scale demonstrators of novel architectures.

In this framework, the CS2 Fast RotorCraft (FRC) Platform (Ref. [START_REF] Blacha | Clean Sky 2:Exploring New Rotorcraft High Speed Configurations[END_REF], led jointly by Leonardo and Airbus Helicopters (AH), aims at demonstrating that compound rotorcrafts implementing cutting-edge technologies open up to new mobility roles that neither conventional helicopters nor fixed wing aircraft can currently cover in a sustainable way. The resulting rotorcraft, named RACER (Figure 1), is characterized by double wings and two propellers or lateral rotors placed under the main rotor. This configuration will bring technological, economical and environmental benefits such as the possibility to combine the high cruise speed, low fuel consumption and gas emission, low community noise impact, and productivity for operators. However, the noise issue remains a major challenge and is one of the most important factors to be considered to ensure that this rotorcraft can be used in urbanized areas to address new mobility roles.

Figure 1: The Airbus Helicopters' RACER

The main objective of the CONCERTO project (Computation of cOmpouNd rotorCraft latEral RoTor nOise), funded in the framework of the CS2 FRC Platform and involving ONERA and DLR, is to develop a new computational tool enabling, the noise prediction of lateral rotors installed on the RACER, and equip AH with this necessary tool to significantly improve the noise performance of this rotorcraft. This tool, enabling both fast prediction and high fidelity approaches, includes 3 modules: aerodynamics, free field acoustic and scattering effects.

All three modules (Figure 2) are implemented in a chaining process based on a seamless workflow and software environment. First, a description of the workflow and each module is provided. Then, the present paper will adress some applications and validations on isolated and installed cases by using comparisons between fast and high fidelity methods.

GENERAL DESCRIPTION Aerodynamic module

This module is dedicated to the prediction of the noise sources thanks to aerodynamic simulations. Of course, those simulations could also be used for the assessment of aerodynamic performances. Two different approaches are proposed, one fast and one high-fidelity prediction methods. The first one allows performing a large number of computations to explore the flight domain, to test several configurations and/or propeller shapes. The second one is more dedicated to validation on a lower number of cases.

Fast prediction method -In order to assess aerodynamic predictions in a short amount of time, the PUMA code from ONERA is fully integrated in the tool chain. The PUMA (Potential Unsteady Methods for Aerodynamics) code which is developed at ONERA since 2013 is based on a long lasting knowledge about free wake methods for helicopter aerodynamics. It is built on a coupling between a kinematic module and an aerodynamic module which relies on a free-wake model combined to a lifting line approach. The free-wake model is based on Mudry theory (Ref. 2) which rigorously describes the unsteady evolution of a wake modeled by a potential discontinuity surface while the lifting line method relies on 2D airfoils characteristics (usually obtained by CFD) and can handle some 3D corrections for blade sweep and 2D unsteady aerodynamics effects through dynamics stall models. In order to reduce computational time the code has been parallelized using OpenMP and the multilevel Fast Multipole Method has been implemented for the computation of the velocities induced by each wake panel on any element. It gives access to meaningful engineering aerodynamic parameters such as angle of attack, lift coefficient, Mach number and induced velocities, among others. This tool is relevant for fast prediction approach because:

 it can reflect with fidelity the influence of changes in the design parameters into the propeller performance and noise sources,  its computing wall-clock time allows investigating comprehensive design spaces (i.e., many geometry design variables spanning over wide ranges) and downselect the most promising rotor designs and flight conditions, which can later benefit from additional analysis through CFD,  it can handle isolated or installed (i.-e. interaction with wings, nacelle, lifting-rotor) configuration using several numerical strategies (aerodynamic disturbances, potential effect…),

 the unsteady free-wake approach allows the simulation of unsteady flight conditions (maneuvers). 

High-fidelity method -

Free-field acoustic module

The prediction of the noise radiation from the lateral rotors is based on the ONERA KIM code (Refs. 3 and4). The KIM code includes several FW-H surface integral formulations with original formulas (including additional source terms for turbulent flows) and many features for efficient processing of all cases of application (rotors, propellers, jets, airfoils…). Calculations are performed in the time domain for structured or unstructured, fixed or moving, rigid or deformable meshes, including supersonic kinematics. The calculation algorithm does not need to solve the retarded time equation. It does not require specific acoustic refined grids and small emission time steps to well reproduce the high frequencies generated by large CFD grid elements moving at high velocities, for instance. For even further efficiency, the calculations can be performed in parallel either on the emission times, the grid cells or the observer points. The code KIM is extensively used for aeroacoustic studies by ONERA and its industrials partners.

Scattered-field acoustic module

As the aerodynamic module, the scattered field acoustic module is divided in two parts, one fast and one high-fidelity methods.

Fast prediction method -An approach based on a flat surface approximation (FSA) is implemented in the KIM code to take into account noise reflection from solid surfaces. This integral method is based on the Kirchhoff integral implemented in the time domain preserving the initial approach of the KIM code. With the hypothesis of locally flat surfaces, the numerical solution of the scattered pressure on the skin of the scattering object is not anymore necessary. If the wavelength of the incident pressure wave is small enough to locally consider that the scattering surface is flat, one can simplify the problem by assuming that the scattered pressure is twice the incident pressure. By taking into account the different possibilities of composition between incident wave/scattering object/observer locations to introduce shadow effect, the Kirchhoff integral can be solved to obtain the scattered pressure at any observer position in a very short amount of time. Time domain computation avoids limitations of the frequency domain method (like BEM), such as the requirement on periodicity and solving only a single frequency per computation.

High-fidelity method -High-fidelity predictions are based a Boundary Element Method (BEM) implemented in the ONERA BEMUSE code (Ref. 5) in a way similar to what has been proposed in Ref. 6 also on the RACER configuration. In the BEMUSE code, the Helmholtz equation with a scattering object can be solved using several formulations able to take into account open or close surfaces with or without absorbing materials. Those formulations are coupled to a matrix compression module based on the A.C.A (Adaptative Cross Approximation) method which consists in computing only some coefficients of the matrix by a decomposition of the matrix in blocks depending on the relative interactions between elements. Thanks to this approach, the code handles parallel computations with up to 1 Million points. The frequency is limited by the maximum size of the surface elements, close to one seventh of the acoustic wavelength (although recent studies showed that this constraint can be somewhat relaxed in regions with low curvatures). The BEMUSE code is also able to compute noise scattering taking into account low Mach potential flow using a specific post-processing (Ref. 7). In CONCERTO the application of a boundary element method is preferred to computational aeroacoustic (CAA) solvers, which requires a volume grid of the propagation medium. The reasons are that BEM methods deliver results with good accuracy, they are faster and their use is significantly less complex than CAA methods.

Chaining process

The chaining process is based on oriented object programming Python scripts. The chain creates automatically the necessary input files or scripts based on the inputs data provided by the user necessary to run each object of the chain. Each code is then launch using an SSH process allowing the use of better suited specific machines. It has to be pointed out that numerous data manipulations are realised using Cassiopee functionalities. Cassiopee (Ref. 8) (CFD Advanced Set of Services In an Open Python EnvironmEnt) is a set of Python modules providing advanced services for preparing CFD computations and post-processing CFD solutions. This is a research software developed by ONERA and distributed as free software under GPL3. In CONCERTO, Cassiopee is mainly used for mesh modification (rotation, translation, normal orientation, gradient computation…).

VALIDATIONS AND APPLICATIONS -ISOLATED CASES

The first validation case supposed the propeller to be isolated from an aerodynamic and acoustic point of view. It corresponds to a low speed fly-over case performed at 45 m/s. Figure 3 displays several results provided by the CONCERTO chain in terms of Overall Sound Pressure Level on a hemisphere placed under the propeller. Those observation points are centered on the rotor head. So the propeller is slightly shifted on positive y values since the wind is coming from negative x values and the right propeller is considered. The left column presents unweighted noise levels while the right column corresponds to Aweighted noise levels. On the first line the noise source is the blade surface pressure computed by CFD. The CFD computation includes only the isolated propeller. An overset grid approach was used so each of the six blades was represented in a separates mesh. These blademeshes rotate in a fixed background mesh. The propeller spinner is also placed in a separate mesh. The propeller spinner connection was closed with a half sphere. The total mesh consists of approximately 35.8 mio. mesh points.

The case was computed with TAU U-RANS. The second order central scheme was used for spatial discretization. Matrix dissipation was used for the central dissipation scheme. The temporal discretization was performed using the implicit Backward Euler scheme. As turbulence model the two-equation turbulence model Menter SST was used. Furthermore, all surfaces were simulated fully turbulent without laminar regions.

The noise levels obtained are characterized by some degree of non-axisymmetry which should not be observed for a perfectly isolated propeller. This is mainly due to the unsteady CFD simulation not being exactly rotationally symmetrical. This can be traced back to two sources on the one hand, the propeller was placed in a wind tunnel environment. On the other hand, the non-uniform background grid and the Chimera interpolation scheme cause discretization errors.

Of course, a steady RANS computation without wind tunnel could have been used but the same computational setup is used with and without wings. The addition of the wing increases the total number of mesh points by about 6 million points. One way to obtain a time-constant behavior artificially is to use only one iteration (or performing an averaging) and to duplicate this solution over one complete revolution. Results obtained using this last approach are presented on the second line of Figure 3. Finally, on the last line are shown results obtained using the PUMA free-wake code. This simulation is realized with a 4° azimuthal step, the blade is linearly discretized with 25 sections and the pitch angle is trimmed to fit the mean thrust obtained by the TAU code over one revolution. One can observe that the maximum values are in good agreement even with the full unsteady CFD data. On the other hand the mean arithmetic values computed using those data are significantly higher. The reason is that the higher harmonics created by the unsteadiness are radiated in the upstream and downstream directions and consequently do not influence the maximal noise level in the propeller rotation plane. Hopefully, a good agreement is obtained using steady data. This is a good validation of the PUMA/KIM computational chain regarding thickness and mean loading noise. 

VALIDATIONS AND APPLICATIONS -AERODYNAMIC INSTALLATION EFFECTS

One particularity of the RACER are the numerous interactions suffered by the lateral rotors. Those interactions mainly come from the wings and the main rotor, and are responsible for strong noise emission (Refs. 6 and 9). It is consequently mandatory for the CONCERTO chain to take those interactions into account. Even if it is possible to include the wings and the main rotor wake in the CFD computation increasing dramatically the computational cost as in Refs. 9 and 10, considering those elements while maintaining a low computation cost is much more challenging. As in CFD, it is possible to include the main rotor and the wings in the PUMA simulations Ref. 10, but it induces some limitations as it will be discussed here-after.

Wings-propeller interaction

Figure 4 shows an example of a PUMA computation taking into account directly wings in the RACER configuration. However, due to the inviscid characteristic of the PUMA code only potential effect will correctly be captured and the interaction with the viscous wake sheds downstream the wing will not be accurately computed. In order to solve this issue, one first solution proposed in the CONCERTO chain is to use a velocity perturbation field computed prior to the PUMA simulation by CFD as exposed in Figure 5. This solution has the main advantage to accurately capture potential and viscous effects induced by the wings. It is also possible to take into account the mean downwash from the main rotor by using an actuator disk in the CFD computation. On the other hand, this approach is still time consuming since a CFD computation, even if steady, has to be done for every new flight condition, wings and main rotor specification. Consequently, some alternatives are proposed.

Reduce Order Model -The first one is based on the building of a Reduce Order Model. Here, proper orthogonal decomposition (POD) is applied together with a thin plate The POD-basis can be computed using either an eigenvaluedecomposition or a singular value decomposition (SVD).

The SVD-based approach is defined as: 𝑌 = 𝑈 Σ𝑉 𝑇 (𝐸𝑞. 2) with Φ = Σ𝑉 𝑇 and 𝑈 denoting the POD modes and coefficients, respectively. The number of modes within the POD basis can be reduced by truncating the basis.

A full order solution 𝑤 𝑖 at a sampled parameter combination 𝑐 𝑖 can afterwards be reconstructed by a linear combination of POD modes:

𝑤 𝑖 = Φ𝑎 𝑖 (𝐸𝑞. 3) with known POD coefficients 𝑎 𝑖 . If a solution 𝑤 * at an untried parameter combination 𝑐 * is of interest an additional step is necessary to determine corresponding POD coefficients 𝑎 * .

To compute POD coefficients 𝑎 * at untried parameter combinations 𝑐 * different approaches are possible such as residual minimization, Galerkin projection or interpolation techniques. As part of this work, the thin-plate spline (TPS) interpolation technique is applied to link parameters to coefficients and thus enable a rapid prediction of flowfields at previously unsampled conditions.

Analytical model -Another approach relies on the determination of the velocity field thanks to an analytical model instead of CFD. The numerical procedure consists in first performing an isolated wings computation with PUMA, possibly taking into account the rotor downwash through the use of the Froude theory. Then, the center wake Cartesian planes where the u c perturbation velocity is calculated are constructed following the wake generated by each wing (Figure 6 a). The three-dimensional Cartesian grids, constructed from each center wake for the upper and the lower wings are visualized in Figure 6 b. The width of these domains evolves according to the half-width of the wake. The viscous perturbation velocities generated by the wake of the wings will be calculated on these 3D Cartesian grids (Figure 6 c). The total perturbation velocity coming from the viscous layer of the wings and the rotor downwash is obtained by adding the "potential" components of the velocity obtained by the PUMA calculations, and the "viscous" components of the velocity obtained by the analytical model. The considered model is based on the work of Kemp and Sears ( Ref. 11) as described here after:

-The half-width of the wake : 𝑌 = 0,68√𝐶 𝑑 𝑐 ⁄ √𝑥 * with 𝑥 * = 𝑥 𝑇𝐸 -0.15𝑐 (Eq. 4)

-The perturbation velocity at the center of the wake : 𝑢 𝑐 = 𝑉(2,42√𝐶 𝑑 )/(2𝑥 * 𝑐 + 0.30) ⁄ (Eq. 5) -The velocity profile in the viscous wake : 𝑈 = 𝑢 𝑐 𝑒 -𝜋(𝑧 𝑌 ⁄ ) 2 𝑓𝑜𝑟 |𝑧| ≪ 𝑌 (Eq. 6) where c is the chord length of the sectional airfoil, C d the drag coefficient, V the horizontal component of the freestream velocity, X TE the wing trailing edge position and z the normal direction to the airfoil. It is then possible to fine tune those models to fit available RANS computation provided by CFD. Also, the drag coefficient necessary to predict the half-width of the wake is obtained from the PUMA computation and the prescribed look-up tables.

a) PUMA wings b) Domain construction c) Velocity deficit

Figure 6: Illustration of the semi-analytical velocity perturbation field construction steps

Applications -In order to illustrate and validate all those approaches, the test-case already considered for the isolated propellers is once again used here after with the inclusion of wings. First of all, a small convergence study is proposed in order to be sure that the time-step is small enough to capture correctly the blade-wakes interactions. The velocity perturbation field considered is provided by CFD using the TAU code. Figure 7 and Figure 8 show the results respectively in terms of lift coefficient time derivative at 87 % of the span and in terms of noise directivity with an azimuthal step of 4, 2 and 1 degrees. The convergence appears not to be perfect and one can conclude that a 1° azimuthal step or maybe even smaller is necessary to capture very precisely the interactions between the blade and the wing wake. Nevertheless, the differences in terms of maximum and mean noise level are less than 0.1 and 0.2 dBA when a 1° or a 2° azimuthal step is used. Considering the fact that the current approach is supposed to be a fast prediction method (the CPU time on 44 processors for 15 propeller revolutions are 725 and 145 minutes respectively with 1° and a 2° azimuthal step), a 2° azimuthal step seems to be a good tradeoff between time and accuracy and will be considered in the next computations.  PUMA with a velocity perturbation field obtained from CFD (TAU code) / KIM (FW-H)  PUMA with a velocity perturbation field obtained from a semi-analytical model / KIM (FW-H)  PUMA / KIM (FW-H) Firstly, it is clear that the PUMA simulation without additional velocity perturbation field fails to predict correctly the presence of the wings since only small and low frequencies oscillations of thrust are visible. The use of a model instead of a CFD perturbation field allows reproducing the global tendencies due to the blade-wakes interaction i.-e. two peaks, reproduced six times for the six blades, corresponding to the interaction with the upper and lower wings. However, some inaccuracies are visible such as an over-estimation of the first interaction and a shift in the azimuths of interaction. The thrust provided by the CFD computation is characterized by an absence of blade to blade periodicity which can be explained by unsteady-nonperiodic flow separations at the blade root or by some unsteadiness in the onflow due to not yet fully damped reflections of acoustic waves in the simulated wind tunnel environment originating from the simulation start-up. Note that the amplitude of the fluctuations is only about 0.5 Percent compared to the total thrust. Those variations make the comparison with other solutions more complicated. However, it seems that the interactions are less impulsive than the one predicted with PUMA.

Figure 9: Thrust comparison between several numerical methods -Installed case

As a complement of Figure 10, Table 2 provides the difference in dB and dBA on maximal and mean level obtained with respect to TAU/KIM computation. All PUMA simulations provide higher maximum noise level both in dB and dBA. The highest discrepancy is obtained when a semianalytical velocity perturbation field is considered. This is also the only case for which the mean levels are also higher than the ones obtained with CFD. This is in agreement with the analysis of the thrust during which impulsive interactions were observed when using the wing wake model. Nevertheless, the maximum noise level differences are still less than 2 dBA and 1.5 dB. Despites those overestimations of the maximum levels, the noise directivities are in good agreement as soon as a velocity perturbation field is used with mean levels within 1 dB or dBA. The noise directivity obtained without perturbation field is characterized by very low levels in the upstream and downstream directions highlighting once again the absence of impulsive interactions. 

Main rotor-propellers interactions

As already mentioned, it is also possible to include the main rotor directly in the PUMA simulation. The main advantage is that it allows taking into account the unsteady behavior of the interaction between the main rotor and the propellers. On the other hand, the main drawback is that it induces difficulties due to the large difference of rotation speeds between the main and lateral rotors creating numerical stability issues and long computations. Here again a solution has been developed in the framework of the CONCERTO project. This approach is a two-step procedure and is once again based on the use of a velocity perturbation field surrounding the propeller but in an unsteady manner. First, a preliminary computation is realized without the propeller but including the main rotor and the wings to obtain a perturbation field at each time step. At each iteration (practically only the last revolutions are stored taking care to preserve the periodicity with the propeller), the induced velocities are stored in a box surrounding the propeller. This volume is chosen to be significantly smaller than the one used for a steady perturbation field for computational time and storage size reasons. Additionally, the velocity deficit in the wake of the wings can be added at each iteration thanks to the analytical model described before. To solve the multi-frequency issue of this configuration, a time interpolation of the perturbation field can be applied to reduce the time step to the desired one for the propeller computation. Figure 11 proposes an illustration of this approach. The top figure shows the preliminary computation of the main rotor wake (in blue) and the wings wake (in red). It also displays the volume (colored by axial velocity) in which velocities are extracted. The bottom figure shows the second and final step of this procedure where the propeller simulation is performed inside the velocity perturbation field updated every time step. One main hypothesis of this approach is that the effect of the propeller on the main rotor is neglected.

First, we propose to validate the fact that the computation is realized in two steps i.-e. the extraction of the perturbation field in the preliminary computation and the introduction of this field in the propeller computation. Figure 12 compares the axial effort on the propeller on the main rotor between the two-step approach (but without time interpolation) and a direct computation including only the main rotor. The case considered (as in Figure 11) is a take-off condition realized in helicopter mode (i.-e. with a large incidence) in order to observe significant interactions between the main rotor and the propellers. Some acceptable discrepancies are visible on the propeller axial force. Two reasons can be exposed. The first concerns the effect of the propeller on the far field wake of the main rotor which is neglected. The second is due to the extraction procedure, i.-e. the size and the discretization of the extraction volume surrounding the propeller.

Step 1

Step 2 The previous computations are realized with an azimuthal step of 12° for the propeller corresponding to 2° on the main rotor which is already small regarding code robustness and computational time. In order to reduce the time discretization on the propeller without having to perform simulation with a very small time step on the main rotor, we propose to realize a time interpolation of the perturbation fields so that the time step of the propeller simulation is reduced down to 4°. . It corresponds to the four different numerical strategies available so far in the CONCERTO chain that allow solving the problem of wings and main rotor wakes interaction with the lateral rotors. The hybrid procedure allows a better prediction of the interaction with the wings wake. It is observable thanks to some additional fluctuations compared to the direct integration of the main rotor and the wings in PUMA (dashed blue line). Figure 14 shows the corresponding noise levels on hemispheres. The results provided by the simulation (c) shows high levels for negative y-values. It makes this result closer to the one obtained with steady perturbations from CFD compare to the other strategies. This could be explained by a better resolution of the wings wake interaction thanks to the velocity deficit model compared to simulation (d) and thanks to a better interaction with the main rotor wake compared to simulation (b). On the other hand, the two-step approach gives higher noise levels for positive y-values compared to simulation (a). Since it is also the case for the direct PUMA computation and not for simulation (b), one can reasonably suppose that this difference is due to the unsteady resolution of the main rotor. It is also interesting to consider computational time. Table 3 presents the PUMA restitution time of those simulations. Equivalent CPU time on one processor is provided. For the two-step procedure the CPU times for the two respective steps are provided. Those computational times largely depend on the multiple numerical parameters involved (number of simulated propeller revolution, length of the wake conserved, number of sub-iterations …) to obtain a good convergence of the force applied on the propeller. Those parameters may vary from one case to another. Consequently, the followings numbers should be taken as order of magnitude to highlight tendencies. The computations involving the main rotor in one-or two-step are significantly longer but it is worth to mention that the CFD time needed in the case of the CFD perturbation field option is not accounted. This CPU time increase is mainly due to the periodicity between the main rotor and the propeller obtained every 6

Cases

propeller periods increasing the number of propeller revolution to be simulated to obtain a good level of convergence. Using disturbances from CFD seems to be sensibly longer than analytic inputs. One reason is the nonuniformity of the field which is bigger when using CFD perturbations files. Finally, the more interesting fact concerning the unsteady perturbation approach in two steps proposed in this section is its relative efficiency compared to direct computations with main rotor and wings. The CPU time obtains with this new method is significantly smaller with a time step three times smaller.

VALIDATIONS -ACOUSTIC INSTALLATION EFFECTS Validation of the BEM code on a simplified configuration

This last section of the paper is dedicated to the study of acoustic installation effect. The objective is to compare the fast prediction (FSA) and the high fidelity (BEM) approaches. In order to consider the BEM as a reference on a complex case taking into account the entire fuselage and the wings, a first comparison is proposed on a simplified configuration with a CAA code resolving the Euler equations.

Figure 15 : Simplified configuration of a propeller placed downstream a wing

The configuration is characterized by a wing placed just in front a propeller as shown in Figure 15 in which the plane of observation is also visible. The CAA code is the ONERA sAbrinA code (Refs. 12, 13). The noise sources from a CFD computation are injected in the CAA domain using a Non-Reflecting Interface as described in Refs. 14 and 15. Best practices in terms of BEM meshing are given in the next section. A good agreement is obtained as one can see in Figure 16 presenting the real part of the total (sum of direct and scattered fields) pressure on the first Blade Passage Frequency (BPF). 

Comparison of the FSA and BEM on a complete configuration

Even if possible, the use of CAA on a complete configuration appears to be too complex in the scope of the study. This is why BEM is considered as the reference in this case. The flight case is a fly-over at 164 kt and the complex acoustic radiation of the left lateral rotor is computed. The scattering geometry is the entire fuselage of the RACER. This geometry is discretized by an unstructured triangular mesh used by both codes. Best practices recommend using at least 7 points per wavelength (PPW). For better accuracy it is also recommended to refine meshes close to diffracting edges (like trailing edge) by using at least 14 PPW in those areas. Also, the mesh size should be small enough to accurately discretize a strong curvature such as a leading edge for example. Consequently, a hybrid strategy is used by splitting a Cartesian mesh to preserve the curvature of highly rounded surfaces and using a conventional triangular mesh elsewhere as presented in Figure 17. The number of elements of the final mesh, used in both methods, is equal to 314750. The mesh size is such that there is at least 8.5 PPW at 6 times the BPF. It should be noted that the BEM computation is performed only up this frequency limit. In order to obtain the entire spectra, higher harmonics are obtained from the direct (or free) field computation. Noise hemispheres are presented in Figure 18 with (right) and without (left) A-weighting. The first line presents the direct fields in order to appreciate the impact of the fuselage on the noise radiation. The second and the third lines show respectively BEM and FSA results. A first macroscopic observation of results allows to say that the KIM and BEMUSE codes provide some similar tendencies such that the increase of the maximum noise level and the noise increase in the downstream direction (x>0). Discrepancies in terms of maximum level and acoustic criteria have an order of magnitude equal to 1 dB and 3.5 dBA. However, the noise pattern provided by the BEMUSE code is characterized by more spots of higher noise level. This is certainly related to the capacity of the BEM to properly predict noise scattering by edges while the KIM methodology only takes care of reflections. It appears that the KIM code is able to provide reasonable tendencies on the effect of solid surface placed near the propeller. This is an interesting feature of the CONCERTO chain if one considers the computational time, the KIM computation took 1 hour and 10 minutes on 6 processors while the BEM results took 43 minutes, but on 576 processors taking into account the direct and incident fields computations i.-e. approximately 60 times slower with a perfect scalability hypothesis.

CONCLUSIONS

This paper presents a new computational chain developed in order to predict the noise emitted by the lateral rotor of the Airbus Helicopters's RACER using both fast predictions and high-fidelity methods. The paper starts by a presentation of the tools and data workflow. The following codes are considered: TAU (CFD solver) including a ROM methodology to predict flow fields for non-simulated testcases, PUMA (free-wake code), KIM (FW-H solver) and BEMUSE (BEM code). Then some validations of the fast prediction methods based on comparison with high-fidelity computations are proposed and led to the following conclusions:

 For an isolated propeller and for the case considered, the discrepancies are less than 0.4 dB if unsteadiness is removed from the CFD results  Aerodynamic installation effects are mainly due to the viscous wake shed from the wings that can be captured rapidly using a free-wake code by introducing a velocity perturbation field computed numerically or analytically. Using this approach, the differences between TAU/KIM and PUMA/KIM computations are around 1.5 dB and 0.5 dB respectively for the maximum and mean noise levels.  The multi-frequency issue due to differences of rotation speed between the main-rotor and the propeller is solved when considering a PUMA computation by the use of a two-step procedure in which the velocity perturbation field from the main rotor is time-interpolated before being introduced in the propeller computation  A Kirchhoff integration approximation is able to rapidly provides some tendencies in terms of acoustic installation effects All those comparisons tend to prove the capacity of this tool chain to predict rapidly the RACER' lateral rotors noise taking into account the aerodynamic and acoustic interaction effect due to the vicinity of the wings and the fuselage.
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 2 Figure 2: CONCERTO chain prediction modules
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 3 Figure 3: Noise levels on hemisphere -Isolated case -Contours every 2 dB (Left) and 1 dBA (Right)

  Delta (dB/dBA) Max. level Mean level TAU/KIM (unsteady) -0.46/-0.65 -2.02/-4.12 TAU/KIM (steady) 0.1/0.38 -0.24/-0.02
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 4 Figure 4: Visualization of the free-wake computed by PUMA with wings
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 5 Figure 5: Visualization of the free-wake computed by PUMA with a CFD velocity perturbation field colored using the axial velocity component.

  spline (TPS) interpolator (Ref. 18). The governing equations are conveniently written in compact semi-discretized residual form as: Ω 𝜕𝑤 𝜕𝑡 + 𝑅(𝑤, 𝑐) = 0 (𝐸𝑞. 1) with 𝑅 denoting the residual vector, 𝑤 being the full-order flow solution and 𝑐 describing global flow parameters. This equation is solved for several different parameter combinations 𝑐 𝑖 and the corresponding solutions 𝑤 𝑖 are stored in a matrix as columns yields 𝑌 = [𝑤 1 , 𝑤 2 , … , 𝑤 𝑚 ].

Figure 7 :

 7 Figure 7: Time derivative of lift coefficient for several azimuthal discretizations
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 8 Figure 8: Noise levels on hemisphere for several azimuthal discretizations -Installed case -Contours every 1 dBA Figure 9 and Figure 10 show comparisons in terms of thrust and noise hemispheres for the following cases:  TAU (URANS) / KIM (FW-H)
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 1032 Figure 10: Noise levels on hemisphere -Installed cases -Contours every 2 dB (Left) and 1 dBA (Right)

Figure 11 :Figure 12 :

 1112 Figure 11 : Illustration of the two-step approach

Figure 13 :

 13 Figure 13: Comparison of the propeller blade axial force with different numerical strategies Figure 13 compares the axial force on the propeller blade using CFD disturbances (referred as simulation (a) in the following), an analytical perturbation field (simulation (b)), the two-step procedure (simulation (c)) as well as the direct introduction of the main rotor and wings (without velocity deficit model) in PUMA (simulation (d)). It corresponds to the four different numerical strategies available so far in the CONCERTO chain that allow solving the problem of wings and main rotor wakes interaction with the lateral rotors. The hybrid procedure allows a better prediction of the interaction with the wings wake. It is observable thanks to some additional fluctuations compared to the direct integration of the main rotor and the wings in PUMA (dashed blue line). Figure14shows the corresponding noise levels on hemispheres. The results provided by the simulation (c) shows high levels for negative y-values. It makes this result closer to the one obtained with steady perturbations from CFD compare to the other strategies. This could be explained by a better resolution of the wings wake interaction thanks to the velocity deficit model compared to simulation (d) and thanks to a better interaction with the main rotor wake compared to simulation (b). On the other hand, the two-step approach gives higher noise levels for positive y-values compared to simulation (a). Since it is also the case for the direct PUMA computation and not for simulation (b), one can reasonably suppose that this difference is due to the unsteady resolution of the main rotor.

Figure 14 :

 14 Figure 14 : Noise levels on hemisphere -Installed case with a main rotor in take-off condition -Contours every 1 dBA

Figure 16 :

 16 Figure 16: Real part of the pressure on the first BPF -black lines = BEM; dashed white lines = CAA -Contours every 4 Pa

Figure 17 :Figure 18 :

 1718 Figure 17: Detailed view of the wings mesh

Table 1 : Delta in dB and dBA on maximal and mean values obtained with respect to PUMA/KIM computation

 1 

Table 3 : Computational time for different numerical strategies

 3 

		Time-step (°)	CPU time (sec. on 1 processor*1000)
	Steady perturbations from CFD	4	416
	Steady perturbations from Models	4	289,2
	Direct computation with wings and rotor	12	924
	Unsteady perturbations from PUMA and models	4	198 + 369,6 = 567,6
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