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In this paper, a characterization of a low Reynolds number two-bladed rotor in interaction with a beam is performed using both an experimental campaign performed in an anechoic room and implicit large eddy simulations (iLES) associated with the Ffowcs-Williams and Hawkins (F-WH) analogy. The rotor studied has a NACA0012 blade section profile extruded in the radial direction with a constant chord of 25 mm, a constant pitch of 10 • and a diameter of 200 mm. This rotor is tested in interaction with 3 cylindrical beams of different diameters positioned at a distance of 20 mm below the rotor disk plane. The blade passing frequency (BPF) and the high frequency broadband noise appear to not be affected by the presence of the beam. On the contrary, the magnitude of the 2×BPF to 15×BPF harmonics increases up to 30 dB compared to the case without beam. For the dominant harmonics of the BPF, a dipolelike pattern aligned with the beam can be observed. Numerical simulations were successfully validated against the experimental data for the dominant BPF harmonics and were then used to study the contribution of the rotor and the beam to the noise radiated. It is found that the beam is responsible for the increase in BPF harmonics and their characteristic directivity pattern. 

Nomenclature

I. Introduction

Quadcopter unmanned air vehicles (UAVs) are increasingly used in both civilian and military fields for their versatility and their low operating cost. They perform videos for the cinema industry, inspection of cracks in dams, or reconnaissance mission, just to name a few. This evolution may increase city noise pollution in the near future and lead FAA and EASA to put in place more stringent certification standards to protect civilian population from UAV noise. It will then become important to understand UAV noise generation mechanisms in order to develop UAV designs suitable for these new standards. In quadcopter UAVs, main noise components are due to the rotors and rotor-rotor and rotor-frame interactions. The evaluation and prediction of rotor noise began few decades ago (e.g. George [START_REF] George | Helicopter noise: State-of-the-art[END_REF], Brentner and Farassat [START_REF] Brentner | Helicopter noise prediction: the current status and future direction[END_REF]) but most studies conducted on this topic were mainly concerned with helicopters. Compared to helicopters, quadcopter UAVs operate at lower Reynolds and Mach numbers and may feature complex interactions between multiple rotors. Hence, extensive knowledge on helicopter noise may not be directly transposable to UAVs.

Recently, low Reynolds and low Mach numbers hovering isolated rotors have been studied experimentally and numerically. Zawodny et al. [START_REF] Zawodny | Acoustic characterization and prediction of representative, small-scale rotary-wing unmanned aircraft system components[END_REF] reported an experimental analysis of small scale off-the-shelf rotors. Jo et al. [START_REF] Jo | Prediction of Noise from Low Reynolds Number Rotors with Different Number of Blades using a Non-Linear Vortex Lattice Method[END_REF] used a non-linear vortex lattice method (NL-VLM) coupled with a Ffowcs-Williams and Hawkins (F-WH) analysis to study the effect of the number of blades on the aeroacoustics of hovering rotors. Serré et al. [START_REF] Serré | A design methodology for quiet and long endurance MAV rotors[END_REF][START_REF] Serré | Towards silent micro-air vehicles: optimization of a low Reynolds number rotor in hover[END_REF] performed an aeroacoustic optimization of a hovering rotor through low order models (blade element, FW-H and broadband models). They showed that the overall rotor noise could be significantly reduced as compared with conventional off-the-shelf rotors. At TU-Delft, Grande et al. [START_REF] Grande | Aeroacoustic Investigation of a Propeller Operating at Low Reynolds Numbers[END_REF] studied experimentally the performances and the noise emitted by low Reynolds number rotors for different advance ratios thanks to an aeroacoustic wind tunnel. Romani et al. [START_REF] Romani | Performance and noise prediction of low-Reynolds number propellers using the Lattice-Boltzmann method[END_REF] performed Lattice-Boltzmann simulations on the same setup to better understand noise source mechanisms. Finally, Gojon et al. [START_REF] Gojon | Experimental investigation of low Reynolds number rotor noise[END_REF] provided the community with an open experimental database on 3-D printed academic low Reynolds number rotors. In addition to isolated rotors, studies have been performed on rotor-frame and rotor-rotor interactions. Zawodny and Boyd Jr [START_REF] Zawodny | Investigation of rotor-airframe interaction noise associated with small-scale rotary-wing unmanned aircraft systems[END_REF] investigated rotor-frame interaction noise in simplified configurations representative of hovering rotors, through both experiments and numerical simulations. The authors showed that rotor-frame interactions produce additional noise that is highly dependent on frame geometry, position of the frame with respect to the rotor disk plane (below or above) and distance to the rotor disk plane. Similarly, for wind turbine applications, Cotte et al. [START_REF] Cotte | Experimental Characterization and Analytical Modelling of Rotor Tonal Noise[END_REF] studied the tonal noise due to the interaction of a simplified rotor and a circular tower and Wu et al. [START_REF] Wu | Propeller-strut interaction tone noise[END_REF] analyzed the tonal noise produced by an UAV rotor operating with a circular beam placed in the wake. Overall, in all the preceding studies, the presence of the beam increase the acoustic emissions at the harmonics of the blade passing frequency. More complex configurations with multiple rotors and airframes were investigated by Intaratep et al. [START_REF] Intaratep | Experimental study of quadcopter acoustics and performance at static thrust conditions[END_REF], Yoon et al. [START_REF] Yoon | Computational aerodynamic modeling of small quadcopter vehicles[END_REF], Tinney and Sirohi [START_REF] Tinney | Multirotor drone noise at static thrust[END_REF], Lee and Lee [START_REF] Lee | Rotor interactional effects on aerodynamic and noise characteristics of a small multirotor unmanned aerial vehicle[END_REF], among others.

In this paper, we report on an experimental and numerical investigation of the noise generated by an isolated small scale two-bladed rotor interacting with different cylindrical beams and operating under hovering conditions. The experimental and numerical setups are first described in section II. The aerodynamics and acoustics results are then presented in section III where the effects of the blade on the rotor performance are studied.

II. Experimental and numerical setups A. Experimental setup

The rotor is positioned at the center of the ISAE-SUPAERO anechoic room at the top of a rotor test stand, as it can be seen in Figure 1. This facility is acoustically treated in the frequency range 80 Hz -16000 Hz and has wedge-tip to wedge-tip dimensions of 5.02 m long, 5.24 m wide and 5.34 m high. A beam can be positioned below the rotor at several distances from the rotor disk plane. The rotor is driven by means of a Faulhaber 3274G024BP4 3692 electric brushless motor, which presents low noise emissions as compared to conventional off-the-shelf motors [START_REF] Gojon | Experimental investigation of low Reynolds number rotor noise[END_REF]. Real time revolution per minute (RPM) are directly given by the associated motion controller MC5010 which provides a precise speed control. A six-axis ATI Nano17 load cell is placed beneath the motor for measuring aerodynamic loads. A directivity antenna with 13 1/4" GRAS 40PH microphones is used to measure the farfield noise radiated 162 cm away from the rotor center, for latitude angles θ every 10 • from -60 • to 60 • , where 0 • corresponds to the rotor disk plane. Moreover, in order to be able to study the directivity along the rotor disk plane, the test stand is positioned on a turntable so that one can rotate in azimuth with a ∆φ = 10 • the whole rotor-beam setup. With the couple directivity antenna/turntable, the almost complete spherical directivity can be investigated, only the poles (|θ| > 60 • ) being missing. A near-field microphone is located 25 cm below the rotor disk plane and 25 cm away from the rotor center, in the radial direction. Acoustic data are acquired at a sampling frequency of 51.2 kHz, during 16 s. This experimental setup has been validated in a previous paper [START_REF] Gojon | Experimental investigation of low Reynolds number rotor noise[END_REF] without the turntable.

In this experimental campaign, the rotor has been 3D-printed using stereolithography and features a NACA0012 blade cross-section profile extruded in the radial direction with a constant chord of 25 mm, a constant pitch of 10 • and a diameter of 200 mm. The rotor is rotating in the clockwise direction as seen from above. This rotor is tested in interaction with 3 cylindrical beams of different diameters positioned at a distance L = 20 mm below the rotor disk plane, with the rotor blowing in the downstream direction towards the beam. This distance is defined as the distance between the rotor disk plane, considered as the plane passing through the blades at mid-chord, and the center of the round beam. Three diameters have been tested : 10 mm, 15 mm and 20 mm. The beams will therefore be labelled D10, D15 and D20 respectively. The rotational speed of the rotor varies from 4000 to 8000 RPM. 

B. Numerical methods and meshes

The simulations are performed with the CFD commercial software Fluent v2020 R1. The rotor geometry includes the two blades, the hub and the beam, as shown in Figure 2. The computational domain is split into two volumes: an inner rotating volume including the rotor and the rotating part of the test rig, and an outer static volume for the static part of the test rig, the beam and the farfield boundary conditions. The separation is represented by a black line in Figure 2 (right). Both volumes are meshed with polyhedral cells. Prism layers are generated at walls for boundary layers discretization. The thickness of the near wall prism layer is set to target a value of 1 for Y + at blade walls. The inner and outer volumes communicate through interfaces. All walls are modelled as nonslip walls. Upstream, downstream and lateral boundaries are modelled as stagnation inlet, pressure outlet and slip walls, respectively in the outer volume. The total number of cells for each geometrical configuration is around 7 millions. Since the flow is incompressible, a segregated solver with constant density is selected. Note that the local Reynolds number based on the local blade velocity and chord length increases from about 25.000 at the blade root to 130.000 at the blade tip. The laminar boundary layers will be predominant, and fully turbulent URANS simulations are not appropriate with such Reynolds numbers. We therefore used implicit large eddy simulation (implicit LES). Navier-Stokes (N-S) equations are solved directly without turbulence or subgrid model and only the largest turbulent structures are resolved. The spatial and temporal discretization schemes are of second order, and the time-step for the implicit unsteady solver is defined to obtain a 1 degree rotation every time-step. The mean and maximal values of the convective Courant number in the rotating part are around 1 and below 10, respectively.

Three simulations are performed at a rotation speed of 8000 RPM : one without beam, one with the D10 beam located at a distance L = 20 mm below the rotor disk plane and one with the D20 beam at the same location. An isocontour of Q criterion is proposed in Figure 3 for the case with the D20 beam and L = 20 mm. The tip vortex and its interaction with the beam are clearly visible. 

III. Results

A. Aerodynamic results

The results are first analyzed in terms of time-averaged thrust and torque as functions of rotating speed. Figure 4 (left) shows that the thrust of the isolated rotor increases quadratically with RPM, as expected. Slight variations with respect to the quadratic fit shown as dashed-dotted line may arise, for example, from Reynolds number effects or blade deformation with RPM which may slightly affect the trust coefficient. Similar observations can be made with the torque shown in figure 4 (right).

Effects of the beam

Results obtained for the rotor in interactions with the cylindrical beam are also depicted in figure 4. It can be observed that the presence of the beam has a negligible impact on both thrust and torque, for all RPMs and beam diameters.

The maximum thrust obtained at 8000 RPM is about 2.1 N. According to Froude theory, the average, axial induced velocity over the rotor disk is v i = (T/(2ρA)) ≈ 5.3 m/s, where A is the rotor disk area and ρ is the fluid density. The resulting flow interacts with the cylindrical beam placed beneath the rotor, with a characteristic Reynolds number Re = ρv i D/µ (hence neglecting tangential induced velocity) in the range [3.10 4 -7.10 4 ], where D is the cylinder diameter and µ is the dynamic viscosity of the fluid. In this flow regime, the flow past the cylinder is characterized by an alternating vortex shedding in the wake, at Strouhal number St around 0.2. The corresponding frequency f = Stv i /D lies between 5 to 10 Hz (for different values of D), which is far below the rotor rotation frequency and is out of the scope of the present study. 

Validation of the numerical simulations

Similarly to experimental results, numerical simulations do not predict significant changes in aerodynamic performance with beam diameter. Specifically, thrust values of T = 2.08, 2.08 and 2.07 N are obtained for the cases without beam and with 10 and 20 mm diameter beams at 8000 RPM, respectively. For that reason, only the case with D = 20mm is shown in figure 4.

B. Acoustic results

For both numerical simulations and experimental measurements, narrowband acoustic spectra are obtained from time signals by computing the fast Fourier transform (FFT) with a Hanning window applied on 100 segments, using a 50% overlap and an amplitude correction factor. The frequency resolution is ∆ f = 3.125 Hz.

For the numerical simulation, the Ffowcs-Williams and Hawkins (F-WH) analogy has been used from the fluctuating pressure on different surfaces in order to calculate the farfield acoustics. First, the total fluctuating pressure (i.e. that of the rotor, beam, and test stand) is considered in order to compare the numerical results with the experimental results. Second, only certain surfaces will be used in the F-WH analogy to better analyze the noise source mechanisms.

Effects of the beam

The first experimental results presented concern a rotational speed of 8000 RPM, with and without beams D10, D15, and D20 positioned at L = 20 mm. Farfield spectra at a distance of 1.62m, latitude angles of θ = 0 • and θ = 40 • with respect to the rotor disk plane, and at an azimuth angle of φ = 90 • (where φ = 0 • corresponds to the beam positioned oppositely to the directivity antenna) are compared to the case without beam in Figure 5. Please note that BGN stands for background noise ans corresponds to the noise with a zero rotational speed.

For the four cases and the two angles, the tone with the highest level corresponds to the blade passing frequency (BPF), which is equal to 267 Hz for this configuration. The rotational frequency (133 Hz) is also visible. Harmonics of those two tones can be seen up to 10.000 Hz. Finally a high-frequency broadband noise can be observed in the frequency range 1000 -16.000 Hz. These results are similar to those obtained in a recent study conducted on isolated rotors [START_REF] Gojon | Experimental investigation of low Reynolds number rotor noise[END_REF]. It can be seen that the interaction of the rotor with the beam does not seem to affect the amplitudes of the BPF, its first harmonic and the high-frequency broadband noise. However, the interaction of the rotor with the beam significantly increases the BPF harmonics 2×BPF to 15×BPF, up to 30 dB for the fifth harmonic of the BPF (5×BPF). This amplification of the harmonics of the BPF increases with the diameter of the beam. The same behavior has been observed recently [START_REF] Zawodny | Investigation of Rotor-airframe Interaction Noise Associated with Small-Scale Rotary-Wing Unmanned Aircraft Systems[END_REF] for a similar configuration.

In order to study the effects of the rotational speed on the noise produced by the interaction of the rotor with the beam, farfield spectra at latitude angles of θ = 0 • and θ = 40 • with respect to the rotor disk plane and at an azimuth angle of φ = 90 • are compared to the case without beam in Figure 6 for the D20 beam positioned at L = 20 mm and for rotational speeds of 4000 : 1000 : 8000 RPM.

It is found that the magnitudes of the BPF, its first harmonics and the high frequency broadband noise increase with the rotational speed, following results obtained on isolated rotors [START_REF] Gojon | Experimental investigation of low Reynolds number rotor noise[END_REF]. For the higher BPF harmonics, as rotational speed increases, their magnitudes increase too, and the envelope of BPF harmonics (dashed lines in Figure 6) is shifted towards higher frequencies, so that the highest BPF harmonic remains between 5×BPF and 6×BPF.

Validation of the numerical simulations

In order to validate our numerical setup for farfield acoustic radiation, the case without beam at a rotational speed of 8000 RPM is analyzed first. Farfield spectra at a distance of 1.62m and latitude angles of θ = 0 • and θ = 40 • with respect to the rotor disk plane are plotted in Figure 7. Note that for the numerical simulation, the spectra are obtained by averaging spectra in the azimuthal direction, which is a homogeneous direction for this configuration without beam. For the BPF and its first harmonic, differences of less than 1 dB are observed. For the second harmonic of the BPF, differences of up to 5 dB are observed. For higher harmonics and the broadband noise, the iLES presented here is not able to recover the experimental values, as expected with the rather coarse grid used here.

The case with the D10 beam at a rotational speed of 8000 RPM is then analyzed. Farfield spectra at a distance 1.62m, latitude angles of θ = 0 • and θ = 40 • with respect to the rotor disk plane and at an azimuth angle of φ = 90 • are plotted in Figure 8.

The top Figures correspond to the comparison of experimental results with F-WH calculations based on the fluctuating pressures obtained on all the surfaces (rotor, beam and tests stand). When all the surfaces radiate, the magnitude of the BPF is well predicted with differences less than 1 dB. BPF harmonics are quite well predicted with errors inferiors to 5dB between the numerical results and the experimental ones, except for the first and the second harmonic of the BPF at θ = 40 • . As already pointed out in the spectra comparisons for the case without beam, the broadband noise is not well reproduced by the simulation.

Once the numerical results are validated, it is interesting to isolate some radiating surfaces of the simulation to relate the amplitudes of the BPF and its harmonics to specific surfaces. The farfield acoustic radiation of the two surfaces assumed to be the main acoustic sources, namely the rotor and the beam, are presented on bottom figures. The strong levels of high BPF harmonics appears to be due to the beam radiation. Errors on the first and second harmonics magnitudes at θ = 40 • seem to be due to errors associated to rotor radiation in the coupled iLES / F-WH approach.

Finally, the case with the D20 beam at a rotational speed of 8000 RPM is studied in order to assess the robustness of these tendencies. Farfield spectra at a distance 1.62m, latitude angles of θ = 0 • and θ = 40 • with respect to the rotor disk plane and at an azimuth angle of φ = 90 • are plotted in Figure 9.

Same conclusions can be drawn from numerical and experimental comparison with this beam diameter. The increase of the beam diameter tends to increase the difference between the contribution of the rotor and the beam to high BPF harmonics magnitudes, the rotor contributing mainly only to the BPF magnitude.

Overall, the simulations permit to recover rather nicely the envelope of the BPF harmonics due to the interaction of the rotor with the beam, permitting thus to look at the directivity patterns obtained from simulations to try to discriminate the role of the rotor and the beam in the noise radiating field. 

Directivity patterns

In order to study the influence of the beam in a more quantitative way, several specific noise components are analyzed as functions of the directivity angles in Figure 10 for the D10 beam at 8000 RPM: the overall sound pressure level (OASPL), the amplitude of the BPF and its fifth harmonic, and the amplitude of the high frequency broadband noise. The overall sound pressure level is computed over a frequency range of 80 Hz < f < 16000 Hz and the broadband noise is computed over a frequency range of 1000 Hz < f < 16000 Hz (for the latter, tones were cleaned from the spectra before computing the integral value). For the OASPL, the BPF and the broadband noise, axisymmetric radiation patterns are observed. The OASPL is omnidirectionnal, whereas the BPF presents a maximum level at a latitude angle of about 10 • , and the broadband noise a minimal amplitude at a latitude angle of -10 • . These results are similar to the ones obtained in the case without beam [START_REF] Gojon | Experimental investigation of low Reynolds number rotor noise[END_REF]. Those noise sources seem thus not to be affected by the presence of the beam, as already qualitatively observed in Figure 5.

On the contrary, the directivity of the fifth harmonic of the BPF seems to be affected by the presence of the beam. A dipole like pattern is observed with minimum values at azimuth angles of 0 • and 180 • and latitude angle of 0 • . The same pattern is observed for all the BPF harmonics which are increasing in the presence of the beam.

The numerical results are then used to better understand the directivity patterns of the dominant fifth harmonic of the BPF in particular, by separating rotor and beam contributions in Figure 11.

This comparison highlights that the dominant fifth harmonic of the BPF is mainly due to radiation coming from the rotor for latitude angles superior to 30 • and from the beam near the rotor disk plane. The farfield acoustic radiation predicted from the beam surface seems to be very reliable, as it fits experimental results for noise components for which it is the main contributor. However, it is not the case for farfield acoustic radiation predicted from the rotor surface. This discrepancy will be investigated in the future. As already done for previous experiments without beam [START_REF] Gojon | Experimental investigation of low Reynolds number rotor noise[END_REF], all those results will be made available shortly as an open database, on https://dataverse.isae-supaero.fr/.

IV. Conclusion

The radiation characteristics of rotor-airframe interaction noise are studied experimentally and numerically for a low Reynolds two-bladed small-scale rotor in interaction with three cylindrical beams. The rotor-beam airflow interaction does not have any significant impact on aerodynamic loads. In particular, the thrust is found to grow quadratically with the rotational speed (RPM) for all cases. In terms of acoustics, the presence of the beam does not seem to affect the blade passing frequency (BPF) and the high frequency broadband noise sound pressure levels (SPL) radiation patterns. For a fixed beam diameter, the SPL of BPF and high frequency broadband noise simply increases with the rotational speed while being shifted towards higher frequencies. However, the beam significantly increases (up to 30 dB) the BPF harmonics 2×BPF to 15×BPF SPL. This increase grows with the rotational speed and the beam diameter with a highest SPL for BPF harmonics typically between 5×BPF and 6×BPF. The most intense BPF harmonics exhibit a horizontal dipole-like radiation pattern aligned with the beam axis. The experimental campaign allows also to assess the reliability of the proposed coupled iLES / F-WH approach, which is validated for the dominant BPF harmonics. This allows to use the ability of numerical simulations to predict the radiated acoustic field related to different parts of the setup in order to discriminate the noise contributions. It shows that the level increase and the characteristic directivity pattern of the dominant BPF harmonics are beam-related.
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Fig. 1

 1 Fig. 1 Photograph of the experimental setup: two-bladed rotor with the D20 beam located L = 20 mm downstream of the rotor disk plane.

Fig. 2

 2 Fig. 2 Rotor and beam surface meshes (left) and cut of the mesh along the vertical direction (right) for the beam D20 positioned at L = 20 mm.

Fig. 3

 3 Fig. 3 Isocontour of Q criterion (Q = 10 6 1.s -2 ) for a rotational speed of 8000 RPM and the beam D20 positioned at L = 20 mm.

Fig. 4

 4 Fig. 4 Evolution of the Thrust (T) and the Torque (Q) as functions of the RPM. Comparisons with experiments.

Fig. 5 Fig. 6

 56 Fig. 5 Sound pressure level (SPL) at a latitude angle of θ = 0 • (top) and θ = 40 • (bottom) and at an azimuth angle of φ = 90 • for a rotational speed of 8000 RPM and the beams positioned at L = 20 mm.

Fig. 7

 7 Fig. 7 Sound pressure level (SPL) at latitude angles of θ = 40 • (left) and θ = 0 • (right) for a rotational speed of 8000 RPM, without beam.

Fig. 8 Fig. 9

 89 Fig. 8 Sound pressure level (SPL) at a latitude angles of θ = 40 • (left) and θ = 0 • (right) and at an azimuth angle of φ = 90 • for a rotational speed of 8000 RPM, D10 beam.

Fig. 10 3D

 10 Fig. 10 3D directivity of different noise components measured for the two-bladed rotor in interaction with the D10 beam at L = 20 mm and 8000 RPM: overall sound pressure level (OASPL), blade passing frequency (BPF) and its fifth harmonic, and the high frequency broadband noise.

Fig. 11 3D

 11 Fig. 11 3D directivity of the two-bladed rotor fifth blade passing frequency (BPF) harmonic in interaction with the D10 beam at L = 20 mm and 8000 RPM: comparison with numerical simulations.
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