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This paper is the follow-up to this work and aims at investigating some remaining possibilities for the optimisation of the configuration main parameters, as for example the propeller position along the main wing chord, or the relative clocking angle in case of multi-propellers configurations, which are expected to induce a reduction of the noise footprint by acoustic shielding and destructive interferences, respectively. The present study proposes a parametric study for DEP configurations main parameters using fast low-order noise prediction methods in order to identify potential configurations leading to a substantial reduction of the noise radiated towards an observer located under the flightpath.

In this paper, three noise mechanisms are investigated using dedicated low-order methods, briefly described hereunder:

 for trailing-edge noise.

. Two configurations are proposed in the present study, that have been experimentally and numerically analysed within the scope of the H2020 EC project ARTEM. The model consists of a wing and up to three propellers positioned either in front of it (tractor configuration), or above it (pusher configuration). For these configurations, the two following parametric investigations are proposed:

• Variation of the propeller position relative to the main wing for a single propeller. This also includes separation distances that cannot be reached in the accompanying experiments for which the wake interaction noise might be dominant with respect to self noise only. • Variation of the clocking angle between two propellers to analyse its effect on the radiated tonal noise. This also includes the study of the possible acoustic benefit of changing the rotational direction of some propellers relative to the others (co-or contra-rotating pair of propellers).

Based on previous work conducted within the European H2020 project ARTEM, a series of parametric investigations has been performed by means of low order numerical simulations in order to establish some noise guidelines for the design of distributed propulsion systems. The physical phenomena investigated are tonal and broadband self noise from the propeller(s), as well as tonal noise due to the periodic impingement of a propeller wake on the wing leading-edge. In this work, the propeller and main wing geometries are prescribed while their relative positions are varied according to realistic propulsion configurations, referred to as pusher and tractor, respectively. For tonal self noise, the possible interferences that result from the superposition of two co-or contra-rotating propellers sound fields are also examined, as a function of the relative phase between both propellers, and in the possible presence of a neighbouring main wing. Some first conclusions about passive noise mitigation on distributed propulsion configurations are finally drawn. Noise shielding and appropriate phasing of the propellers are shown to yield beneficial effects, while scattering by the airfoil edges can be detrimental. 

Nomenclature

I. Introduction

I n the recent years, much effort has been devoted toward the development of alternative aircraft propulsion concepts.

Distributed Electric Propulsion (DEP) is one of the most promising solutions contemplated thus far and has received considerable research attention, notably in terms of aerodynamics, emissions and costs. Regarding noise emissions, some acoustic prediction methodologies have been proposed in recent work from Rizzi et al. [START_REF] Rizzi | Annoyance to noise produced by a distributed electric propulsion high-lift system[END_REF], or Bernardini et al. [START_REF] Bernardini | Numerical Characterisation of the Aeroacoustic Signature of Propeller Arrays for Distributed Electric Propulsion[END_REF] for instance. In particular, a study conducted by the present authors within the European H2020 project ARTEM 

II. Geometry and parameters investigated

The DEP configurations considered in the project are composed of a main wing body and from one to three propellers. The dimensions, described in Drofelnik et al. [START_REF] Drofelnik | Mid-fidelity aeroacoustic modelling and measurements of pusher and tractor generic Distributed Electric Propulsion systems[END_REF], and chosen so as to obtain a scale factor of about 1:3 with respect to a full scale configuration, are here briefly recalled. The airfoil is a PVS-DE(1)-261717 profile with a maximum thickness of 17%, relative to the chord length of 0.3 m. The incidence has been set to 5 • in the experiments. The airfoil span is taken equal to the width of the INCAS closed test section wind tunnel used for the experimental investigations, which is 2.5 m. The propeller selected in the experiments is a 3 bladed, 13 inches diameter Master Airscrew Clockwise model.

An extensive database has been constituted by varying the relative positions of the airfoil and propeller(s). Two categories of tests have been defined, corresponding to different propulsion architectures: one called «tractor», where the propellers were placed upstream of the wing leading-edge, and another called «pusher» where the propellers were placed above the wing. In the experiments, the min/max positions were 𝑑/𝑐 = 0.5 and 𝑑/𝑐 = 0.83 for the tractor configuration. In pusher, the propeller distance to the leading-edge was 𝑑/𝑐 = 0.6 for the most upstream position and 𝑑/𝑐 = 0.93 for the closest to the trailing-edge. When there were several propellers, their spacing was 𝐿/𝑐 = 1.23, and they were powered independently, so that no relative phase control was possible.

While the previous paper aimed at comparing experimental and numerical results, the aim of the present investigation is twofold:

1) explore parametric variations and corresponding noise results to give recommendations for the design of DEP systems; 2) avoid manufacturing constraints to augment the previous experimental database by studying configurations impossible in the experiments (e.g. short propeller-wing distance or imposed blade phase difference between two propellers). To do so, the following parameter variations have been considered:

• In pusher configuration, a single propeller has been translated in the chordwise direction from the trailing-edge to the leading-edge. A total of 11 computations have been carried out, thus covering the entire airfoil chord. • In tractor configuration, the propeller plane has been moved from about 0.0152 m from the airfoil leading-edge to 0.1652 m, thus spanning a distance of 0.15 m (half the airfoil chord). Here again, a total of 11 computations have been performed. • Finally, to study the effect of propellers relative phase on tonal noise interference, two propellers have been placed with a centre-to-centre separation distance of 0.4 m (𝐿/𝑐 = 1.33). The non-dimensional relative blade phase angle Δ𝜙 × 𝐵/2𝜋 has been varied from 0 to 1 by step of 0.1 (11 computations) in order to cover an entire blade-to-blade angular sector. These computations have been made both in free-field, and with the propeller pair at the airfoil mid-chord in pusher configuration. The acoustic pressure for all these cases has been computed on a far-field hemisphere of radius 𝑅 obs = 125 m (100 times the airfoil half-span) centered on the airfoil 1/4-chord line. Some extractions have been performed in the streamwise 𝑥𝑧 and spanwise 𝑦𝑧 planes.

A summary of these geometrical definitions is given in Fig. 1. Regarding the operating conditions, the propeller rotates at 10,000 RPM and the upstream Mach number is 0.09. In these conditions, the BPF is 500 Hz, and the corresponding chord-based Helmholtz number is 𝑘𝑐 = 2.77.

III. Tonal self noise

In this section, we study tonal self noise generated by the propeller at the BPF harmonics. Please note that no aerodynamic interactions (of potential or viscous nature) have been included in these computations. Therefore, the results presented here are restricted to steady loading and thickness noise.

A. Chordwise position variation for a pusher propeller

The first parameter investigated is the variation of the chordwise position for a propeller over the wing (ie in pusher configuration). A total of 11 positions evenly spaced between the trailing-edge and the leading-edge has been considered. For conciseness, the directivity of the far-field pressure has been presented in Fig. 2 for both the extreme positions and the intermediate one when the propeller is at mid-chord. Comparing the free-fied to the scattered noise levels, we see that the noise emitted by the propeller is partly attenuated by the presence of the wing, due to the specular reflection of acoustic waves on the suction side (shielding effect). However, the wing having a finite chord, some side-effects also take place. Those are particularly visible when the propeller is just above the trailing-edge, the latter behaving as a geometrical singularity that induces a scattering effect similar to what would be obtained when considering a semi-infinite flat plate, as already formally described by Roger [START_REF] Roger | On sound scattering by rigid edges and wedges in a flow, with applications to high-lift device aeroacoustics[END_REF] by using the half-plane Green's function. In that case, we see a significant increase of the noise levels toward upstream observers with respect to the free-field. Conversely, when the propeller is over the leading-edge, the scattered field does not exceed the free-field in the half-downstream part of the sphere, but is still increased with respect to the mid-chord position. These two opposite edge-effects are clearly visible in Fig. 3 where the SPL of the tone has been plotted for three different angles in the 𝑥𝑧 plane (see Fig. 1). Interestingly, at 90°, the noise level remains fairly constant, compared to the other directions that have been considered. The latter have been taken as ±30 • around the vertical and it appears clearly how the noise is increased toward upstream observers as the propeller gets closer to the trailing-edge, while the opposite behavior is found (although to a lesser extent) when the propeller gets closer to the leading-edge.

Some remarks can also be made in the 𝑦𝑧-plane. Looking at Fig. 2 (right column), one can see that the noise levels are not significantly altered toward horizonthal directions. However, when looking below the airfoil, we can see an asymmetry that results from the propeller sense of rotation. The most significant modification of the directivity occurs for azimuthal angles 90 • ≤ 𝜑 ≤ 180 • . This corresponds to the angular sector where the blade goes upward, from an upstream observer's point of view. In this angular sector, the noise reduction can reach almost 10 dB.

In terms of potential for noise reduction, the most favorable configuration seems to be the one where the propeller is at mid-chord. Indeed, as one would expect, this configuration is the one that maximizes specular reflection toward the sky while at the same time minimizing undesirable effects related to edge-scattering that tend to redistribute the noise radiation in the wing shadow region.

B. Streamwise position for a tractor propeller upstream of the wing

The second parameter investigated is the distance between the propeller and the wing leading-edge, when the propulsion system is in tractor configuration. Please note that in that case, aerodynamic interaction effects are expected under the form of viscous wake interaction noise, as well as unsteady loading variation on the blades due to the potential field of the wing. The intensity of these interactions is a priori expected to be directly related to the separation distance between the wing leading-edge and the propeller. This section is focused on the influence of the main wing presence, regardless of the aerodynamic interactions. The aerodynamic interaction between the propeller blades wakes and the wing leading-edge will be separately investigated in Sec. V. Thus, studying both contributions separately will allow to determine their relative importance as a function of the propeller distance.

To study this effect, 11 propeller / wing separation distances have been computed. The shortest separation distance is 0.015 m (𝑑/𝑐 = 0.05) and the longest is 0.165 m (𝑑/𝑐 = 0.55). In the corresponding experiments, the range of variations was between 0.15 m (𝑑/𝑐 = 0.5) and 0.25 m (𝑑/𝑐 = 0.83) [START_REF] Drofelnik | Mid-fidelity aeroacoustic modelling and measurements of pusher and tractor generic Distributed Electric Propulsion systems[END_REF]. The aim of the present investigation is to extend the experimental range in order to place the propeller closer to the main wing leading edge, which is expected to enhance the propeller-wing interactions. As in the previous paragraph, for clarity purpose, only the directivities corresponding to the shortest, the longest, and the intermediate distances have been presented in Fig. 4.

Looking first at the results for the shortest distance, we can see that the presence of the wing induces a very significant scattering effect, with a maximum noise level at an azimuthal angle 𝜑 > 90 • . As in the previous paragraph, this asymmetry results from the propeller rotational direction. Then, looking at the results for increasing separation distances, we see that the directivity of the noise emission gets closer to the free-field directivity as the propeller is displaced away from the wing, as expected. The present results seem to indicate that, even without considering the mutual aerodynamic interactions that can take place between the propeller and the wing (whether of potential or viscous nature), the presence of the wing can significantly amplify the propeller noise radiation. Considering the fact that a propeller radiates mostly in its rotation plane is a priori not in contradiction with this result. Indeed, the three-dimensional nature of the present case makes plausible the fact that some near-field component of the propeller sound field is scattered by the leading-edge with an increasing efficiency as the propeller gets closer to the wing.

C. Relative blades phase-angle

This paragraph is devoted to the case where two neighbouring propellers rotate in the same plane. In what follows, the separation between both propellers centre is fixed as 1.33𝑐 and their rotation velocity is equal to 10.000 rpm, making the computation of the total acoustic field possible by linear superposition of both individual complex pressure fields at common observer positions. First, the case where both propellers rotate in the same or opposite direction is studied in free-field with various blade azimuthal phase differences. Then, the main wing is added under the propeller pair to determine the noise reduction potential when combining both propeller synchronization and wing shielding effect. In that case, the propeller pair is placed at the mid-chord position, which has been identified as the most beneficial in terms of noise reduction in the paragraph III.A.

Two co-rotating propellers

The first case considered is when both propellers have the same sense of rotation. To assess the effect of propeller blade phase difference, the total field has been computed by linear superposition of the acoustic complex pressure field emitted by individual propellers, taking one of them as the reference and varying the intial azimuthal angle of the second to cover an entire blade-to-blade angular sector 2𝜋/𝐵.

The results obtained for propeller non-dimensional phase difference values Δ𝜙𝐵/2𝜋 of 0, 0.2, 0.5 and 0.7 are presented in Fig. 5. When both propellers are perfectly synchronized (Δ𝜙 = 0), all propeller blades are parallel from one propeller to the other at all times. In these conditions, we see some destructive interferences that occur around 𝜑 = 30 • and 𝜑 = 150 • , but also perfectly constructive interferences under the vertical (𝜃 = 𝜑 = 90 • ). In this particular direction, the sound waves coming from both propellers are perfectly in phase, resulting in an increase of the total field by 6 dB with respect to the value obtained for a single propeller (doubling the pressure amplitude of a given source results in an increase of 10log 10 (4) ≃ 6). Conversely, when the propeller non-dimensional phase difference Δ𝜙𝐵/2𝜋 is equal to 1/2, that is to say when the phase difference between both propellers is half a blade passage, we see that the total sound field is considerably reinforced everywhere but right under the propeller pair (𝜃 = 𝜑 = 90 • ) where it vanishes almost entirely. At intermediate phase differences, when Δ𝜙𝐵/2𝜋 is equal to 0.2 or 0.7 respectively, this direction of extinction is moved to the azimuths 𝜑 ≃ 120 • and 𝜑 ≃ 60 • , respectively. From the cases considered just above, the ones with zero and half blade passage phase difference have been considered with the wing placed such that the pair is at mid-chord, as presented in Fig. 6. In both cases, the acoustic shielding induced by the presence of the wing reduces the noise levels, except at the vertical when the propellers are rotating with half blade passage phase difference. In that case, the free-field result vanishes almost entirely in this particular direction, but the scattering by the wing body re-emits some secondary sound waves, leading to higher SPL values than in free-field. Nevertheless, even considering this phenomenon, the sound emitted toward the vertical direction remains significantly reduced with respect to the other directions, thus maintaining the benefit of this synchronization between propellers. The directivities associated to both relative phase angles between both propellers with the wing taken into account is presented in Fig. 7. The superposition of both results highlights the fact that the gain in flyover directions for half blade passage phase difference is considerably compensated by an over-emission toward sideline observers 0 ≤ 𝜑 ≤ 60 and 120 ≤ 𝜑 ≤ 180. To summarize, for a pair of propellers, constructive and destructive interferences occur between individual sound fields. These interferences are directly related to the phase angle between both propeller blades. In the case where both propellers are co-rotating, the two particular cases where both propellers are perfectly in phase and with half blade passage phase difference show complementary benefits over one another. While the former is preferable in sideline directions, the latter shows an extinction toward flyover observers. Thus, the determination of which configuration is the most desirable is not straightforward and would depend on the priority given, for instance, to cabin noise with respect to emissions toward the ground.

Two contra-rotating propellers

Now, we consider the case where the propellers rotate in opposite directions. The same phase differences than in the previous paragraph are considered, first in free-field, as presented in Figure 8.

When the propellers are perfectly synchronized, contrarily to the co-rotating case, destructive interferences occur under the vertical (𝜑 = 90 • ) while around 𝜑 = 30 • and 𝜑 = 150 • , constructive interferences lead to an increase of about 6 dB in the total field. Conversely, and again as opposed to the co-rotating case, constructive interferences occur at 𝜑 = 90 • when the blades nondimensional phase difference Δ𝜙𝐵/2𝜋 is equal to 1/2. For intermediate values of 0.2 and 0.7, the interference pattern is seen to "rotate" around the 𝑥-axis. Both particular cases where the relative phase angle between both propellers is zero and half a blade passage are considered with the inclusion of the wing inside the acoustic computation, the propeller pair being placed at mid-chord, as shown in Figure 9. Just like in the co-rotating case, the presence of the wing induces a general diminution of the noise levels, except at directions where wave cancellations occured in free-field, due to the wing secondary noise emission by scattering. Then, similarly to the co-rotating propeller pair, the cases with zero and half blade passage phase angle with inclusion of the wing effect are compared in Figure 10. While, in the co-rotating case, the best candidate depends on whether flyover or sideline observers are prioritized, here both sideline and flyover directions show lower noise levels when the propellers have zero relative phase difference. 

IV. Broadband self noise

The methodology for predicting broadband trailing-edge noise briefly described in Sec. I relies on two-dimensional RANS computations performed at predefined iso-radii according to the adopted strip approach. The same Amiet-ATV methodology is applied for the present parametric study and includes the acoustic reflections of the propeller TE noise by the wing. In order to model the propeller noise source, 5 strips have been used, on which a corresponding RANS computation has been re-used from Drofelnik [START_REF] Drofelnik | Mid-fidelity aeroacoustic modelling and measurements of pusher and tractor generic Distributed Electric Propulsion systems[END_REF]. The Lee model [START_REF] Lee | Empirical Wall-Pressure Spectral Modeling for Zero and Adverse Pressure Gradient Flows[END_REF] is then used to compute the wall-pressure spectrum injected in the Amiet's theory in rotation [START_REF] Schlinker | Helicopted Rotor Trailing Edge Noise[END_REF]. The FEM mesh used to compute the ATV solution contains about 500,000 tetrahedral elements and the noise prediction is performed on the listener sphere shown in Fig. 1 using a Kirchhoff radiation condition applied to the outer surface of the FEM domain, as in Drofelnik [START_REF] Drofelnik | Mid-fidelity aeroacoustic modelling and measurements of pusher and tractor generic Distributed Electric Propulsion systems[END_REF].

A. Chordwise position variation for a pusher propeller

The parametric investigation of the propeller relative position compared to the wing is first made for the pusher configuration. The corresponding broadband trailing-edge noise radiated on the listener sphere is shown in Fig. 11, with bottom view representation and flight direction from the right to the left. Three frequencies are considered ( 𝑓 =100, 1000 and 5000 Hz, He=0.55, 5.5 and 33.3), the last corresponding to the maximum frequency that can be solved by the FEM mesh according to the six elements per wavelength criterion. The first column shows the noise radiation pattern of an isolated propeller with a zone of low noise emission in the propeller plane, due to the relatively low twist of the blades. This reference solution is compared to six different positions of the propeller over the wing ranging from the leading-edge to the trailing edge. It is first observed that for the trailing-edge position, the obtained radiated sound is similar to that of an isolated propeller, while the leading edge results are highly altered due to the presence of the wing. This is mainly attributed to the shape of the wing, where the round leading edge and sharp trailing edge have a different effect on the propeller noise scattering and regeneration on the opposite side of the wing. For the lowest frequency considered, corresponding to a Helmoltz number based on the wing chord lower than one, the directivity pattern remains close to the isolated propeller directivity. For that frequency, the wing can be considered as relatively compact and then transparent to the propeller noise emission. For the other frequencies, the sound directivities are strongly affected by the presence of the wing and the low sound emission plane of the isolated propeller is not observed anymore.

The radiated noise results are further analysed in Fig. 12 by intersecting the listener sphere by 𝑥𝑧 and 𝑦𝑧 planes, corresponding to streamwise and spanwise directions respectively. For the streamwise directivities of Fig. 12 column), the flight direction is from left to right, while for the spanwise directivities (right column), the configuration is seen from upstream, with the rotational direction from low to high 𝜑 angles. Looking to the streamwise directivity, the dipolar pattern observed for the isolated propeller is only slightly altered by about 2dB, mainly in the upstream direction. When increasing the frequency, the upstream part of the directivity remains similar to the isolated propeller case while an increase of the radiated sound towards the downstream direction is observed when the propeller is displaced from the leading edge to the trailing edge. Concerning the directivity in the spanwise direction, at low frequency, as the plane cut is performed in the propeller plane where no sound is radiated, the results are similar for all propellers positions over the wing. The small variations observed are attributed to the accuracy of the method, for which the results should be further consolidated in terms of mesh convergence of the FEM solution, effect of the finite span domain and number of integration points used over the propeller rotation. With increasing frequency, a directivity lobe appears on 𝜑 angles larger than 90 degrees, corresponding to positions where the blade is moving away from the wing in pusher configuration. This effect is amplified when the propeller is located at the leading edge, with up to 10 dB increase compared to the isolated configuration. 

B. Streamwise position for a tractor propeller upstream of the wing

Similarly to the pusher configuration, the radiated noise in tractor configuration is first represented on the listener sphere in Fig. 13, with the isolated propeller in the first column and compared to a subset of computations with varying propeller-wing distances, similar to those investigated in Sec. III.A. For the 100 Hz frequency, the free-field noise radiation pattern remains for all positions of the propeller relative to the wing, with a low noise radiation observed in the propeller radiation plane. This pattern is attenuated when reaching positions close to the wing. With increasing frequency, this patterns gets highly altered. At 1000 Hz, a low emission zone is preserved below the propeller-wing geometry with an increase of the sound in the lower part of the sphere that corresponds to the side where the propeller blade is rotating towards the wing. This is explained mainly by the trailing-edge sound directivity that is oriented upstream of the blade segments and towards the propeller rotational direction. At 5000 Hz, more interferences are observed on the directivity with the similar increase on the lower part of the radiation sphere when decreasing the propeller-wing distance.

As for the pusher configuration, the radiated noise results are further analysed in Fig. 14 by intersecting the listener sphere by 𝑥𝑧 and 𝑦𝑧 planes, corresponding to streamwise and spanwise directions respectively. At 100 Hz, the dipolar directivity is preserved for all the investigated propeller-wing distances, with a small decrease of the maximum amplitude of about 2 dB when the propeller is installed. When the propeller is located at the closest position relative to the wing, the low noise emission observed in the propeller plane is smoothed, with an increase of about 5 dB at 𝜃 = 90 • . In the spanwise plane, at 100Hz, the cut is performed in the propeller plane where no sound is radiated, but also where the results might be corrupted by the numerical accuracy. Further investigations should be here performed in terms of mesh convergence of the FEM solution, effect of the finite span domain and number of integration point used over the propeller rotation. When increasing the frequency, the noise radiated upstream of the wing-propeller configuration is not influenced by the propeller position, the installed noise results being similar to the isolated one. When the propeller-wing distance is decreased, an increase of the sound is observed for the downstream angles with about 5 to 10dB, depending on the frequency and radiation angle. This increase toward the downstream angles is similar to the observations made in Sec. III.B for the propeller tonal self noise. In the propeller plane, the directivities being uniform over the angles for the isolated propeller are now presenting directivity lobes that are oriented to angles about 𝜑 = 150 • . As explained above, these angles correspond positions where the propeller blade is moving toward the wing and the corresponding radiated noise is amplified mainly due to the trailing-edge noise directivity. 
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V. Tonal wake interaction noise

The present tonal wake interaction noise study aims at quantifying the radiated noise levels and compare them to the tonal self-noise predictions made in Sec. III.A. Increasing the distance between the propeller and the main wing in the tractor configuration is supposed to result in decreasing amplitudes of the corresponding tonal wake interaction noise. The main objective here is then to determine if the tonal wake interaction noise is of importance compared to the tonal self-noise reported in Sec. III.A.

The methodology [START_REF] Grasso | Development of hybrid methods for the computation of tonal and broadband fan noise source and propagation[END_REF], based on RANS computations, is used to have a proper wake description at the main wing location. The methodology consists in cutting the different iso-radii 2D RANS computations at a particular distance from the propeller and to re-assemble them to obtain a wake velocity plane.

In the present case, the wake data from the RANS computations at 18 spanwise radius positions have been extracted at the same streamwise locations as used in Sec. III.A. In the interpolation process, the first 8 strip positions are disregarded as the RANS computations have not reached a fully converged solution. This is mainly due to the larger blade thickness at the root that leads to large structure oscillations around the profile, similar to the classical von Kármán vortex shedding observed around cylinders. The noise produced by the airfoil subjected to the wake interaction is also treated using a strip methodology. The total radiated sound is then the summation of the noise produced by the individual strips. A proper discretisation of the airfoil span is necessary to properly capture the wake variation along the airfoil span. The wing span is reduced to the extremity of the wake plane domain included in [-0.17, 0.17] m and is divided by 41 strips. The representation of the azimuthal wake velocity relative to the propeller reference frame is given in Fig. 15 (a) by representing in color dots the wing strips that are exposed to the propeller wake. The black dots represent the strips outside of the wake and are not considered for the noise computation. The corresponding upwash velocity component of the azimuthal velocity, which is the main contributor to the unsteady lift producing noise, is calculated for each wing strips which are exposed to the wake (shown in Fig. 15 (a) only for certain positions). Due to the counter clockwise rotation of the propeller, the wing strips which are on the left side of the propeller hub are exposed to an upwash component while the wing strips which are on the right side of the propeller hub are exposed to a downwash component along all the azimuthal angles. The wake velocity amplitude difference between the root and the tip of the blade is around maximum 24% with higher amplitudes at the blade root.

The Fourier coefficients of fluctuating lift at the harmonics of the blade passing frequency are calculated using an Amiet's theory framework [START_REF] Amiet | Noise due to Turbulent Flow past a Trailing Edge[END_REF][START_REF] Grasso | Development of hybrid methods for the computation of tonal and broadband fan noise source and propagation[END_REF]. Fig. 16 shows the five first harmonics of the lift fluctuations when the propeller is installed at 𝑑 = 0.25 𝑚 upstream of the main wing, corresponding to the largest distance used in the corresponding experiments [START_REF] Drofelnik | Mid-fidelity aeroacoustic modelling and measurements of pusher and tractor generic Distributed Electric Propulsion systems[END_REF]. The two first harmonics are largely dominant compared to the higher harmonics. Their amplitudes are decreasing with the increasing radius from hub to tip, that is directly related to the wake deficit amplitudes variations observed in Fig. 15 (b).

As for the other sound mechanisms investigated above, directivity plots of the sound radiated for the tonal wake interaction noise mechanism are shown in Fig. 17 for streamwise and spanwise cuts of the listeners sphere, for the three first BPFs. On the spanwise plane, quadrupolar directivities are observed due to the observed opposite phase of distributed dipoles on both sides of the mid-span plane. When the propeller-wing distance is large enough, the directivity is symmetrical with the mid-span plane resulting in similar amplitude on both sides with low amplitude sound radiation at 𝜑 = 90 • . With the decrease of the propeller-wing distance, a slight asymmetry is observed for the two first BPF, while a third lobe appears at the third BPF.

In terms of amplitude, the radiated sound increases with the propeller-wing distance reduction as expected, except for the first BPF. The reason for the different behaviour remains unclear at this stage, but may be linked to interferential effects related to the phases at which the different parts of the wake are interacting with the wing. This issue should be further verified by looking to variation of the wake deficit centerline over the blade span or to compare to 3D computations of the same blade. The amplitude of the tonal wake interaction noise remains lower than the tonal self noise at the first BPF, while the wake interaction noise mechanism is expected to dominate for small distances between the propeller and the wing. Again, the de-phasing of the acoustic sources on the main wing could result in the cancellation of constructive interferences.

Looking to the streamwise plane, dipolar directivities are observer for the 3 first BPF. Although this is a priori expected for the first BPF (He=2.77) [START_REF] Christophe | Application of hybrid methods to high frequency aeroacoustics[END_REF], the directivity of the airfoil response function resulting from Amiet's theory for leading-edge noise, on which the present model is based, is supposed to have an increased number of lobes with increasing Henumber. This behavior probably comes from the chord integration performed before the far field propagation, which limits the validity of the methodology for compact airfoils [START_REF] Grasso | Development of hybrid methods for the computation of tonal and broadband fan noise source and propagation[END_REF]. Finally, the large differences in amplitude observed in the streamwise plane with the propeller-wing distance that are mainly due to the location of the interference plane in the spanwise plane. Again, the effect of the 3D wake reconstruction from 2D-RANS computations should be further analysed to assess its influence on the phased dipole over the wing, and then the interference plane location that appears near the wing mid-span.

VI. Conclusion

The work presented in this paper is inscribed within the European research project ARTEM (Aircraft noise Reduction Technologies and related Environmental iMpact), dedicated to the development of innovative technologies for reducing aircraft noise at the source. In this context, one of the technologies considered is Distributed Electric Propulsion, which involves several propellers distributed on the aircraft wings to provide the required thrust. As a first step in this project, some numerical mid-fidelity methods have been proposed to be able to predict the noise generated by DEP configurations with sufficient accuracy and moderate computational cost. These methodologies have been confronted to noise measurements made specifically during the project, as presented in previous work [START_REF] Drofelnik | Mid-fidelity aeroacoustic modelling and measurements of pusher and tractor generic Distributed Electric Propulsion systems[END_REF]. Then, a second objective, tackled in this paper, was to use these prediction capabilities in order to determine the link between the propeller(s) / wing relative positions and the noise perceived by an observer on the ground.

To do so, these mid-fidelity methods have been used to perform parametric variations of pusher and tractor DEP configurations. In pusher, the chordwise position of a single propeller has been varied from the leading-edge to the trailing-edge, and the interferences resulting from the superposition of two coplanar propellers sound fields at the Blade Passing Frequency have been investigated, both in free-field and in the case where the pair was placed in pusher, at the airfoil mid-chord. In tractor configuration, the distance between a single propeller and the wing leading-edge has been increased, from very small distances to about half the airfoil chord. In all cases, the propeller self-noise (tonal and broadband) has been investigated, including the scattering effect induced by the presence of the wing. In tractor configuration, the tonal wake interaction noise resulting from the impact of the propeller blades viscous wakes on the airfoil has also been analysed and compared to tonal self-noise.

The analysis of the results can be presented for each noise source separately as follows: 1) For tonal self-noise, a beneficial effect can be expected at the considered Helmholtz number from noise shielding by the airfoil body, provided that the propeller is not placed too close to the airfoil edges. Indeed, in the latter case, our findings support previous observations according to which the propeller sound field is scattered by the edge and redistributed in the wing shadow region [START_REF] Roger | On sound scattering by rigid edges and wedges in a flow, with applications to high-lift device aeroacoustics[END_REF]. This shielding effect can be combined with an appropriate choice of the relative blade phase angle between two coplanar propellers to create destructive interferences in the desired direction. In some cases however, destructive interferences toward the ground also showed constructive inteferences in sideline directions, which would be detrimental to cabin noise for instance. In tractor configuration, no shielding can be expected, the directivity of propeller noise being concentrated in the rotation plane. On the contrary, while the directivity got closer to free-field radiation at the largest separation distances, the presence of the wing was shown to significantly enhance the propeller noise radiation by scattering.

2) For the broadband self noise, as for the tonal self noise, substantial noise shielding effect are expected for the pusher configuration. When placed close to the trailing-edge, the noise radiated has a directivity close to the isolated propeller. An increase of radiated noise is observed in the downstream and side regions when the propeller is moved toward the leading-edge, resulting in no particular shielding in the case of broadband noise mechanism. As for the tonal self-noise, no shielding was expected and the present study confirmed the increase of radiated noise due to the diffraction on the main wing, especially in the downstream and side region, as in the pusher configuration. 3) For the tonal wake interaction noise, the expected noise increase with the propeller-wing distance decrease only appeared from the first BPF. One possible explanation is the wake reconstruction methodology that is based on 2D RANS computations at iso-radii. As this methodology does not ensure a perfect synchronisation of the wake developments over the blade span, the corresponding resulting source dipoles on the main wing might suffer from phase inaccuracy when computed from the Amiet's theory framework, and would alter in turn the constructive or destructive interferences at the observer positions. The amplitudes at the first BPF remain lower than those observed for tonal self noise, while this was not expected for smaller propeller-wing distances, suggesting further investigations in future work.

  𝑥, 𝑦, 𝑧 = Cartesian coordinates 𝜃, 𝜑 = Polar and azimuthal observation angles Δ𝜙 = Relative phase angle between two propellers 𝑐 = Wing chord 𝑑 = Propeller plane -airfoil leading-edge distance 𝜆 = Acoustic wavelength He= 2𝜋𝑐/𝜆 = Helmholtz number 𝐵 = Number of propeller blades 𝐿 = Centre-to-centre distance between two propellers 𝑅 obs = Radius of the microphone half-sphere ì Ω = Propeller angular velocity vector

Fig. 1

 1 Fig. 1 Geometry and parameters investigated (microphone half-sphere not to scale).

Fig. 2

 2 Fig. 2 Sound Pressure Level of the far-field acoustic pressure at the BPF (He= 2.77) for observers located at the intersection between the hemisphere and the (left): 𝑥𝑧-plane, (right): 𝑦𝑧-plane. Propeller located at the (top-to-bottom): trailing-edge, mid-chord, leading-edge. (-): Scattered field, (-): Free-field.

Fig. 3

 3 Fig. 3 Sound Pressure Level of the far-field acoustic pressure at the BPF (He= 2.77) for three directions of observation.

Fig. 4

 4 Fig. 4 Sound Pressure Level of the far-field acoustic pressure at the BPF (He= 2.77) for observers located at the intersection between the hemisphere and the (left): 𝑥𝑧-plane, (right): 𝑦𝑧-plane. Propeller located at a distance from the leading-edge of (top-to-bottom): 0.015, 0.09, 0.165 m (d/c=0.05, 0.3, 0.55). (-): Scattered field, (-): Free-field.

Fig. 5

 5 Fig. 5 Free-field Sound Pressure Level of the far-field acoustic pressure at the BPF for observers located at the intersection between the hemisphere and the (left): 𝑥𝑧-plane, (right): 𝑦𝑧-plane. Two co-rotating propellers separated by a distance 𝐿/𝑐 = 1.33 with a relative phase angle Δ𝜙 × 𝐵/2𝜋 equal to (top-to-bottom): 0, 0.2, 0.5, 0.7.

Fig. 6

 6 Fig. 6 Sound Pressure Level of the far-field acoustic pressure at the BPF (He= 2.77) for observers located at the intersection between the hemisphere and the (left): 𝑥𝑧-plane, (right): 𝑦𝑧-plane. Two pusher co-rotating propellers separated by a distance 𝐿/𝑐 = 1.33 and positioned at the mid-chord of the main wing. Top: Δ𝜙 × 𝐵/2𝜋 = 0, bottom: Δ𝜙 × 𝐵/2𝜋 = 0.5. (-): Scattered field, (-): Free-field.

Fig. 7

 7 Fig. 7 Sound Pressure Level of the far-field scattered acoustic pressure at the BPF (He= 2.77) for observers located at the intersection between the hemisphere and the (left): 𝑥𝑧-plane, (right): 𝑦𝑧-plane. Two co-rotating propellers separated by a distance 𝐿/𝑐 = 1.33 with a relative phase angle Δ𝜙 × 𝐵/2𝜋 equal to (-): 0, (--): 0.5.

Fig. 8 Fig. 9

 89 Fig. 8 Free-field Sound Pressure Level of the far-field acoustic pressure at the BPF for observers located at the intersection between the hemisphere and the (left): 𝑥𝑧-plane, (right): 𝑦𝑧-plane. Two contra-rotating propellers separated by a distance 𝐿/𝑐 = 1.33 with a relative phase angle Δ𝜙 × 𝐵/2𝜋 equal to (top-to-bottom): 0, 0.2, 0.5, 0.7.

Fig. 10 SoundFig. 11

 1011 Fig. 10 Sound Pressure Level of the far-field scattered acoustic pressure at the BPF (He= 2.77) for observers located at the intersection between the hemisphere and the (left): 𝑥𝑧-plane, (right): 𝑦𝑧-plane. Two contra-rotating propellers separated by a distance 𝐿/𝑐 = 1.33 with a relative phase angle Δ𝜙 × 𝐵/2𝜋 equal to (-): 0, (--): 0.5.

Fig. 12 Sound

 12 Fig. 12 Sound Pressure Level of the far-field acoustic pressure resulting from the broadband propeller self-noise in pusher conditions for three selected frequencies (He= 0.55, 5.54 and 27.72) for observers located at the intersection between the hemisphere and the (left): 𝑥𝑧-plane, (right): 𝑦𝑧-plane. Propeller in free-field conditions (-), located at leading-edge (--), mid-chord (..) and trailing-edge (-.) above the wing.

Fig. 13

 13 Fig. 13 Sound pressure levels of the radiated sound on the listener sphere for the tractor configuration.

Fig. 14

 14 Fig. 14 Sound Pressure Level of the far-field acoustic pressure resulting from the broadband propeller self-noise in tractor conditions for three selected frequencies (He= 0.55, 5.54 and 27.72) for observers located at the intersection between the hemisphere and the (left): 𝑥𝑧-plane, (right): 𝑦𝑧-plane. Propeller in free-field conditions (-), located at a distance from the leading-edge of 0.015 (--), 0.09 (..), 0.165 m (-.) corresponding to d/c=0.05, 0.3, 0.55.

  Fig. 15 (a) Front representation of the wake data extracted at 𝑑 = 0.25 𝑚 downstream of the propeller and (b) the corresponding upwash velocity component over the azimuthal angle.

Fig. 16

 16 Fig. 16 Magnitude of the fluctuating lift harmonics for a propeller-wing distance of 𝑑 = 0.25 𝑚 on the (a) left and (b) right side of the origin.

Fig. 17

 17 Fig. 17 Sound Pressure Level of the far-field acoustic pressure resulting from wake interaction noise for the first three BPF harmonics (He= 2.77, 5.54 and 8.31) for observers located at the intersection between the hemisphere and the (left): 𝑥𝑧-plane, (right): 𝑦𝑧-plane. Propeller located at a distance from the leading-edge of 0.015 (-), 0.09 (--), 0.165 m (..) corresponding to d/c=0.05, 0.3, 0.55.
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