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Experimental characterization of the noise generated by an airfoil oscillating above stall

The present work investigates the noise emitted by an airfoil oscillating above stall, thanks to synchronized surface pressure and far-field acoustic measurements in an anechoic open-jet wind tunnel. Both NACA0012 and a NACA63 3 418 airfoils are tested in order to investigate the effects of the airfoil shape on the static and dynamic stall noise. For static configurations, a smoother transition to stall noise is obtained for the cambered NACA63 3 418 airfoil, with a gradual increase and shift of the noise spectra at low frequencies as the separation point moves closer to the leading edge of the airfoil. Phase-averaged time-frequency analysis of the oscillating airfoil noise reveals that the light-stall noise and deep-stall noise regimes commonly observed for static airfoils also take place during the oscillations. Increasing the frequency of the oscillations leads to an increase of the duration and amplitude of the stall onset broadband noise, and a delay of the dynamic stall noise to greater angles of attack. In the same way, the dynamic stall noise is delayed for the NACA63 3 418 compared to the NACA0012, causing the stalled phase to be shorter for the NACA63 3 418. For the NACA0012, the noise does not depend on the angle of attack before the onset on stall. For the NACA63 3 418, the noise gradually increases in the pre-stall regime and the stall noise is preceded by a high amplitude separation noise.

I. Introduction

S amplitude modulations of wind turbine noise are thought to originate from the periodic separation and stall of the flow around the blades [START_REF] Oerlemans | Effect of Wind Shear on Amplitude Modulation of Wind Turbine Noise[END_REF]. For a static airfoil, it is well known that stall can lead to an increase of the amplitude of the emitted noise up to 10 dB at low frequencies compared to the trailing-edge noise of an attached turbulent boundary layer [START_REF] Brooks | Airfoil self-noise and prediction[END_REF]. For a static airfoil at stall, two noise regimes are observed [START_REF] Moreau | Flow Features and Self-Noise of Airfoils Near or in Stall[END_REF][START_REF] Laratro | Self-noise and directivity of simple airfoils during stall: An experimental comparison[END_REF]. The light-stall regime is obtained close to the static stall angle and is characterized by a high amplitude broadband low frequency noise. For very large angles of attack, the deep-stall regime exhibits a diminution of the broadband noise amplitude but the presence of a low-frequency narrow-band peak, that can originate from shear layer instabilities and large scale vortex shedding [START_REF] Moreau | Flow Features and Self-Noise of Airfoils Near or in Stall[END_REF]. Stall noise prediction models based on the Curle's analogy have been developped [START_REF] Moreau | Flow Features and Self-Noise of Airfoils Near or in Stall[END_REF][START_REF] Bertagnolio | A semi-empirical airfoil stall noise model based on surface pressure measurements[END_REF], but the mechanisms of generation of the static stall noise are still not understood. Recently, Lacagnina et al. [START_REF] Lacagnina | Mechanisms of airfoil noise near stall conditions[END_REF] performed combined far-field acoustic, hot-wire and Particle Image Velocimetry (PIV) measurements in order to investigate the mechanisms of noise generation on a NACA65-( 12)10 airfoil at high angles of attack. Their results suggest that the stall noise could originate from the interaction between the shear layer (separating the free stream and the separated boundary layer region) and the suction side of the airfoil. Instabilities and coherent structures in the detached shear layer and shear layer flapping could induce unsteady hydrodynamic pressure on the airfoil surface that can be scattered at the trailing edge and radiate to the far-field. Direct Numerical Simulations (DNS) coupled with a Ffowcs Williams and Hawkings solver were used to study the noise emitted by a stalled NACA0012 at low Reynolds number [START_REF] Turner | Aerofoil dipole noise due to flow separation and stall at a low Reynolds number[END_REF]. The simulations confirm that shear layer vortices are convected on the suction side of the airfoil and induce strong pressure fluctuations that are scattered at the trailing edge as a dipole pulse. Experimental data investigating the effect of the camber and thickness of the airfoil on static stall noise is very limited. For the deep-stall regime, Laratro et al. [START_REF] Laratro | Self-noise and directivity of simple airfoils during stall: An experimental comparison[END_REF] observe that the thickness of the airfoil has a limited effect on its acoustic signature.

Experimental studies of the noise emitted by an oscillating airfoil have recently been performed [START_REF] Siegel | Cross-correlation analysis of synchronized PIV and microphone measurements of an oscillating airfoil[END_REF][START_REF] Zhou | An experimental study of trailing edge noise from a pitching airfoil[END_REF][START_REF] Mayer | Aeroacoustic investigation of an oscillating airfoil in the pre-and post-stall regime[END_REF][START_REF] Raus | Experimental study of the dynamic stall noise on an oscillating airfoil[END_REF]. Zhou et al. [START_REF] Zhou | An experimental study of trailing edge noise from a pitching airfoil[END_REF] studied the noise emitted by a NACA0012 airfoil at low Reynolds number and oscillating below the stall angle. The authors observe that the laminar boundary layer tonal noise takes place twice per oscillation cycle, once during the upstroke motion of the airfoil and once during the downstroke motion. The angles of attack at which the tonal noise takes place are delayed if the frequency of oscillation increases. The noise emitted by a NACA0012 oscillating above stall was studied in an aeroacoustic wind-tunnel with a Kevlar-walled test section [START_REF] Mayer | Aeroacoustic investigation of an oscillating airfoil in the pre-and post-stall regime[END_REF]. Time-frequency analysis of the surface pressure fluctuations near the trailing-edge shows that the stalled phase of the pitching motion is associated with an increase of the spectra at low frequencies, that could be attributed to the dynamic stall vortex development. Raus et al. [START_REF] Raus | Experimental study of the dynamic stall noise on an oscillating airfoil[END_REF] studied the noise emitted by an oscillating NACA0012 in an open-jet wind-tunnel at Reynolds number = / = 2.1 × 10 5 with U, c and the free-stream velocity, the airfoil chord and the kinematic viscosity of air, respectively. Results show that the light-stall and deep-stall noise regimes also take place during the pitching motion for low oscillation frequencies, and that the amplitude and duration of the broadband noise at stall onset increase as the frequency of the oscillation increases. A delay in the apparition of the stall noise is observed in comparison with static configurations, giving rise to a hysteresis of the stall noise with respect to the angle of attack. These studies did not investigate the effect of the airfoil shape on the emitted noise.

In this paper, the effect of the shape of the airfoil on the dynamic stall noise is studied. Synchronized surface pressure and far-field acoustic measurements are performed with airfoils oscillating above stall at Reynolds number = 4.1 × 10 5 , in order to analyze the variations of the emitted noise during the oscillations. Two airfoil shapes are tested: a NACA0012 and a NACA63 3 418. The NACA63 3 418 is a cambered airfoil that was first designed for use on aircrafts but since then was widely used on wind turbine blades [START_REF] Abbott | Theory of wing sections: including a summary of airfoil data[END_REF][START_REF] Troldborg | Danaero mw[END_REF]. This airfoil is known to have a high aerodynamic efficiency and to avoid abrupt stall that could lead to vibrations of the wind turbine blade [START_REF] Grasso | Usage of numerical optimization in wind turbine airfoil design[END_REF]. It is compared to a NACA0012, that was already tested at Reynolds number = 2.1 × 10 5 in the same experimental setup [START_REF] Raus | Experimental study of the dynamic stall noise on an oscillating airfoil[END_REF].

II. Experimental setup

The experiments were conducted in the anechoic wind tunnel of Ecole Centrale de Lyon (ECL). This wind tunnel consists of an open-jet with a rectangular 0.4 m × 0.3 m nozzle exit, followed by two horizontal end-plates guiding Exp. Airfoil shape 0 ( the incoming flow, as shown in Fig. 1a. The test section of the wind tunnel is enclosed in an anechoic chamber of dimensions 8 m × 9 m × 10 m. Two airfoils of chord = 12 cm and of span = 30 cm were tested: a NACA0012 airfoil and a NACA63 3 418 airfoil. The airfoils were subjected to a flow of free-stream velocity = 50 m/s, corresponding to a Reynolds number = / = 4 × 10 5 . As shown in Fig. 1b, tripping tapes were placed near the leading edge of the airfoils in order to control the developpment of turbulent boundary layers on the airfoil and avoid the generation of the laminar boundary layer tonal noise [START_REF] Brooks | Airfoil self-noise and prediction[END_REF]. For the NACA0012, a tripping tape was placed on both sides of the airfoil between / = 0.2 and / = 0.4 while for the NACA63 3 418, the tape was only placed on the pressure side of the airfoil between / = 0.1 and / = 0.15. These tripping tapes were chosen because they prevent the generation of the tonal noise without heavily modifying the lift curve of the airfoil. Both airfoils were subjected to a sinusoidal pitching motion about their center chord, thanks to a motor placed below the lower end-plate. The sinusoidal motion was implemented as:

, ( ) = 0 + 1 sin (2 0 ), (1) 
where , ( ) is the instantaneous angle of attack of the airfoil, 0 is the oscillation frequency and 0 = 1 = 15 • . These angles are the geometric angles of attack imposed by the motor. In an open-jet wind tunnel, the flow deviates from the nozzle axis because of the presence of the airfoil. The effective angles of attack of the airfoil are thus smaller than these geometric values. Incidence corrections suggested by Brooks et al. [START_REF] Brooks | Airfoil trailing edge flow measurements and comparison with theory, incorporating open wind tunnel corrections[END_REF] are commonly used to estimate the effective angle of attack for static airfoils, but have not been validated for an oscillating airfoil. Consequently, in the following, only geometric angles of attack are used. For the NACA63 3 418, three reduced frequencies are tested = 0.005, = 0.01 and = 0.025 with = 0 / . For the NACA0012, two reduced frequencies are investigated = 0.01 and = 0.02. Comparison of the dynamic stall process between the two airfoils is thus possible for = 0.01. Parameters associated with the experiments are given in Table 1. Following Sheng et al. [START_REF] Sheng | Prediction of Dynamic Stall Onset for Oscillatory Low-Speed Airfoils[END_REF] who define the reduced pitch rate as ★ = 1 and estimate the boundary between quasisteady and dynamic stall at = 0.01 for NACA airfoils, the configurations studied in the present paper are in the quasisteady regime.

The two airfoils are instrumented with pin-holes located in the mid-span plane, along the chord of the airfoils. These pin-holes are connected by capillary tubes to a Kulite KMPS-1-64 pressure scanner to measure the steady wall pressure at a sampling frequency = 1.1 kHz. As shown in Fig. 1b, some of the pin-holes are also connected to Brüel & Kjaer 4958 type microphones through a T-junction to acquire the fluctuating wall pressure signals at a sampling frequency = 51.2 kHz. This Remote-Microphone Probe (RMP) technology and the in-situ calibration of the microphones are described in Reference [START_REF] Roger | Design and Operation of Aeroacoustic Wind Tunnel Tests for Ground and Air Transport STO-AVT-287[END_REF]. The local surface pressure fluctuations measured by the Remote-Microphone Probes are of acoustic and aerodynamic natures. For attached or separated turbulent boundary layers such as the ones studied near the trailing-edge in the present study, the measured surface pressure signals are essentially of hydrodynamic nature as the pressure fluctuations induced by aerodynamic structures have much larger amplitude than the one induced by acoustic processes [START_REF] Roger | Design and Operation of Aeroacoustic Wind Tunnel Tests for Ground and Air Transport STO-AVT-287[END_REF]. The positions of the surface pressure measuring points are shown in Fig. 1b. For the NACA0012, pressure taps are mainly located on one side of the airfoil and the fluctuating surface pressure is only measured close to the airfoil trailing-edge. For the NACA63 3 418, pressure taps are located on both sides of the airfoil and the fluctuating surface pressure is also measured close to the leading edge.

Far-field noise measurements were performed with a Gras 46BE microphone placed in the mid-span plane, 2 meters away from the airfoil pressure side center-chord, and oriented perpendicular to the incoming flow. In order to characterize the background noise generated by the wind tunnel, far-field noise measurements were also performed in the same wind conditions but without the airfoil in the test section. The sources of the background noise (noise of the jet, trailing-edge noise of the horizontal plates...) are assumed to be identical when the airfoil is added in the test section. Precautions must be taken at very high angles of attack, as the background noise could be slightly modified at low frequencies because of the airfoil [START_REF] Moreau | Flow Features and Self-Noise of Airfoils Near or in Stall[END_REF]. 

III. Static airfoil

This section investigates the effects of the airfoil shape on the static stall noise. For static configurations, the surface pressure and the far-field acoustic pressure signals are measured over periods of 30 seconds. The Power Spectral Density (PSD) of the signals is calculated using the Welch's method, with a Hamming window size of 6400 samples and 50% overlap. The resulting PSD have a frequency resolution of 8 Hz. For the NACA0012 airfoil, a 3 degrees increment was chosen between static angles measurements while for the NACA63 3 418 airfoil, a 1 degree increment was chosen.

The lift and pitching moment coefficients are obtained by integrating the static pressure along the chord of the airfoils. The comparison of these coefficients obtained for the two NACA airfoils is presented in Fig. 2 whereas the distribution of static pressure on the suction side of the airfoils is shown in Fig. 3. For small angles of attack, the lift coefficient increases linearly for both airfoils. The pitching moment coefficient at the quarter chord 1 4 is positive and increases with the angle of attack for the NACA0012, whereas it is negative and constant for the NACA63 3 418. The lift coefficient stops increasing for , > 15 • for both airfoils, as the flow starts separating on the suction side of the airfoil. A plateau of static pressure is thereby observed on the suction side of the airfoils in Fig. 3. Abrupt stall occurs for the NACA0012 for 15 • < , < 18 • . For the NACA63 3 418, the separation point gradually moves upward and the lift progressively decreases up until , = 24 • . Full stall is finally observed for the NACA63 3 418 at , = 25 • , with an abrupt loss of lift. For , > 25 • , close lift coefficients are obtained for the two airfoils. For the NACA63 3 418, the separation of the flow leads to a slight increase of the pitching moment coefficient, followed by a strong decrease at stall. For the NACA0012, the pitching moment coefficient becomes negative at stall. PSD of surface pressure fluctuations at / = 0.92 on the suction side of the airfoils are shown in Fig. 4 for a selection of static angles of attack. At very low angle of attack, a similar flat surface pressure spectrum is observed for both airfoils. For higher angles of attack, an increase of the spectrum amplitude in the low frequencies is obtained due to the flow separating and the turbulent structures near the trailing edge getting larger. For the NACA0012, the abrupt separation at , = 15 • leads the surface pressure spectrum to rapidly increase and exhibit a power law behavior for / > 0.5. The transition to a power law behavior is smoother for the NACA63 3 418, as the separation point gradually moves upward the airfoil chord. For , = 18 • , the surface pressure spectra displays a hump centered at / = 1.4. This hump then decreases until the spectrum reaches a power law when the flow is fully stalled. For very high angles of attack ( , > 27 • ), similar surface pressure spectra are observed for both airfoils, with a narrow band peak centered at = sin ( , )/ 0.19. This peak can be explained by shear layer instabilities and large scale periodic vortex shedding [START_REF] Moreau | Flow Features and Self-Noise of Airfoils Near or in Stall[END_REF].

PSD of the far-field acoustic pressure are presented in Fig. 5 for the same angles of attack. For low angles of attack, the signal to noise ratio is low, with background noise dominating for / < 1 and / > 10. Between these frequencies, comparable spectra are obtained for both airfoils. For the NACA0012, the abrupt stall at , = 15 • leads to a rapid increase of the spectra amplitude at low frequencies, with an increase of the noise amplitude up to 15 dB for / = 1 compared to the pre-stall regime. This broadband noise corresponds to the so called "light-stall" regime. For the NACA63 3 418, the transition to stall noise is smoother, with the spectra amplitude progressively increasing and shifting to lower frequencies as the separation point gets closer to the leading edge. The abrupt stall at , = 25 • leads the spectra to increase at low frequencies but to decrease for 0.7 < / < 2.5. Note that this light-stall regime is less noisy than the one for the NACA0012. For very high angles of attack ( , > 27 • ), similar deep-stall regimes are obtained for both airfoils, with a narrow-band peak at = sin ( , )/ 0.19. The two airfoils thus exhibit similar bulk body behaviors at very high angles of attack. Similar observation was made by Laratro et al. [START_REF] Laratro | Self-noise and directivity of simple airfoils during stall: An experimental comparison[END_REF] for a NACA0012 and a NACA0021 at very high angles of attack. 2) and = 0.01.

IV. Oscillating airfoil A. Time-frequency analysis

A similar investigation is now presented for the oscillating airfoil cases. Far-field noise and surface pressure are measured for 100 oscillation periods. Spectrograms are then computed with 80% overlap and window sizes of 7000 samples, 3500 samples and 1400 samples for 0 =0.66 Hz, 0 =1.33 Hz and 0 =3.32 Hz, respectively, in order to have the same number of windows per cycle. Segments are extended to 8192 samples using zero-padding to obtain the same frequency resolution for every oscillation frequency. The resulting spectrograms have a frequency resolution of 6.25 Hz, and time resolutions of 27 ms, 14 ms and 6 ms, respectively. Spectrograms of surface pressure at / = 0.92 on the suction side of the airfoils and spectrograms of far-field acoustic pressure are presented in Fig. 6 and 7 for = 0.01. For both airfoils, periodic variations of the spectral amplitude are observed. Each time the angle of attack increases above a critical value, an increase of the spectra is observed at low frequencies. The amplitudes of the spectra remain high up until the angle of attack decreases below a value low enough so that the flow can reattach on the suction side. High angles of attack are also associated with a decrease of the surface pressure spectra for / > 10, in good agreement with Mayer et al. [START_REF] Mayer | Aeroacoustic investigation of an oscillating airfoil in the pre-and post-stall regime[END_REF]. Similarities between the surface pressure and far-field pressure spectrograms show that the boundary layer is constantly adapting to the angle of attack of the airfoil, leading the sound generation mechanisms to be modified throughout the oscillation. No clear effect of the airfoil shape is visible.

Phase-averaged spectrograms of surface pressure near the trailing-edge are presented in Fig. 8 and phase-averaged spectrograms of far-field acoustic pressure are presented in Fig. 9. To avoid transient effects, the first 10 oscillation periods are discarded from the analysis, and phase-averaging of the spectrograms is performed with respect to the angle of attack on the 90 remaining cycles. Similarly to the static case, the spectrograms exhibit two distinct regimes during 2) and = 0.01. the stalled phase of the cycle. At the stall onset and near flow reattachment, a low frequency broadband spectrum is obtained. In between these two instants, the energy gathers in a narrow-band peak, the center frequency of which varies with time as the angle of attack continues its sinusoidal motion, so that the peak is continuously located at a Strouhal number 0.2 with = sin ( , )/ and , the phase-averaged angle of attack. The light-stall and deep-stall regimes commonly observed for static airfoils are thus also present for oscillating airfoils. In the same way as for the static configurations, the light-stall and deep-stall regimes are also observed on the surface pressure spectrograms, with the stall onset and flow reattachment diplaying high amplitude broadband behaviors. Note that a pollution is present on the far-field acoustic pressure spectrogram for the NACA63 3 418 at = 0.025, as shown with the dashed line in Fig. 9e. The most probable source of this pollution is the motor under the lower end plate. This contamination only happens during the downstroke motion of the airfoil and is assumed not to have an effect on the rest of the spectrogram.

For both airfoils, a similar effect of the reduced frequency on the dynamic stall noise is observed. For = 0.01, the far-field pressure spectrograms are nearly symmetrical and the broadband noises at the stall onset and near flow reattachment are similar. For > 0.02, the spectrograms do not exhibit a symmetrical behavior between stall onset and flow reattachment. At the stall onset, the amplitude and duration of the broadband noise increase, whereas the broadband noise close to flow reattachment has similar amplitude and duration than the one for = 0.01. Similar effect is observed on the surface pressure spectra. Increasing the frequency of the oscillation thus leads to an increase of the pressure fluctuations amplitude near the trailing-edge at the dynamic stall onset. This results agrees with previous findings at lower Reynolds number [START_REF] Raus | Experimental study of the dynamic stall noise on an oscillating airfoil[END_REF]. The deep-stall noise is also impacted by the increase of the reduced frequency, with an increase of the narrow-band peak width for higher reduced frequency (see Fig. 9d and9e). This could originate from the large scale vortex shedding being less coherent at high reduced frequency, as its frequency has to constantly adapt to the rapidly changing angle of attack.

Effects of the airfoil shape are visible in Fig. 9. Firstly, the stalled phase of the cycle is shorter for the cambered airfoil than for the symmetrical one. For = 0.01, the stall onset broadband noise takes place at 0 ∼ 0.28 for the NACA0012 and at 0 ∼ 0.36 for the NACA63 3 418 (see Fig. 9a and9d). Moreover, this broadband noise is limited to frequencies below / < 1 for the NACA63 3 418 and spreads up to / = 2 for the symmetrical airfoil. In the same leads to a delay of the maximum of the peak, the maximum taking place at 0 = 0.38 for = 0.005 and 0 = 0.43 for = 0.025. This delay of stall is also visible on the phase-averaged lift coefficient. Similarities between results for = 0.005 and = 0.01 could indicate that these regimes are quasisteady, and that unsteady effects of the dynamic stall are negligible under a reduced frequency threshold.

Effects of the airfoil shape on the OASPL are investigated in Fig. 11 for = 0.01. For the NACA63 3 418, the stall onset OASPL peak appears to have lower amplitude and be delayed to larger angles of attack compared to the NACA0012. In the same way, the OASPL peak at flow reattachment takes place earlier for the NACA63 3 418 than for the NACA0012, but the peaks have the same amplitude. The duration of the stalled phase of the cycle is thus shorter for the cambered airfoil. The OASPL hump centered at 0 ∼ 0.58 corresponding to the deep-stall regime also has a lower amplitude for the cambered airfoil. For the NACA0012, the OASPL is flat before stall and after flow reattachment ( 0 < 0.2 and 0 > 0.8) and stall leads to an abrupt increase of OASPL, from OASPL = 67 dB at 0 = 0.24 to OASPL = 82 dB at 0 = 0.31. For the NACA63 3 418, a progressive increase of OASPL is observed before stall onset due to the gradual flow separation on the suction side of the airfoil, leading this airfoil to be the noisiest before the stall onset and after flow reattachment.

V. Conclusion and future work

Combined far-field acoustic and surface pressure measurements were performed in an anechoic open-jet wind-tunnel in order to study the effect of the airfoil shape on the static and dynamic stall noises. For static configurations, the NACA63 3 418 airfoil offers a smoother transition to the stall noise, with a gradual increase of the spectral amplitude at low frequencies, as the separation moves from the trailing edge to the leading edge. After the abrupt stall, the light-stall noise has a lower amplitude for this airfoil than for the NACA0012 airfoil. At very high angle of attack, no effect of the airfoil shape is observed. Both airfoils exhibit a similar bulk body behavior, with the presence of a narrow-band peak at Strouhal number = 0.19 dominating the far-field noise, and a decrease of the broadband component of the noise.

In the same way as for the static stall noise, the dynamic stall noise is characterized by an increase of the amplitude of the noise at low frequencies when the angle of attack increases above a critical angle, corresponding to the dynamic stall angle. The amplitude of noise remains high during the stalled phase the oscillation, and then decreases as the angle of attack becomes low enough for the flow to reattach on the suction side of the airfoil. The light-stall and deep-stall noise regimes observed for static airfoils are also taking place for the oscillating airfoils.

Effects of the reduced frequency and the airfoil shape on the dynamic stall noise were investigated. Stall onset broadband noise is delayed to larger angles of attack as the reduced frequency increases. This result agrees with previous findings at lower Reynolds number [START_REF] Raus | Experimental study of the dynamic stall noise on an oscillating airfoil[END_REF] and with the commonly observed boundary layer separation delay obtained in dynamic stall experiments [START_REF] Lee | Investigation of flow over an oscillating airfoil[END_REF]. Increasing the reduced frequency of the oscillation also leads to an increase of the amplitude and duration of the stall onset broadband noise. This phenomenon is not explained yet and could originate from the complex flow structures developing during the dynamic stall process. Finally, the deep-stall narrow-band peak is widening as the reduced frequency increases. This could be explained by the fact that the large scale vortex shedding becomes less coherent for rapidly changing incidence as the shedding frequency fails to adapt to the instantaneous angle of attack of the airfoil. In the future, synchronized acoustic and time-resolved Particle Image Velocimetry (PIV) measurements will be conducted, in order to understand the role of the flow structures around the airfoil on the sound generation mechanisms. Moreover, unsteady surface pressure measurements on the suction side of the airfoil will be analyzed in order to estimate the spanwise correlation length and convection velocity near the trailing edge during the oscillation. These measurements will provide a better insight on the turbulent structures developing during the pitching motion and responsible for the far-field noise.

With the NACA63 3 418 airfoil, the dynamic stall noise has a lower amplitude and is delayed to larger angles of attack compared to the experiments with the NACA0012 airfoil. Not only this airfoil shape has a good aerodynamic efficiency, but it is also good to limit dynamic stall noise and strong amplitude modulations of the wind turbine noise. However, the NACA63 3 418 airfoil is noisier in the pre-stall phase of the cycle, with the presence of a separation noise hump centered at / ∼ 1, while the noise emitted by the NACA0012 airfoil does not depend on the angle of attack below stall. For oscillations below the stall angle, using the NACA63 3 418 airfoil could thus increase the amplitude modulation of the wind turbine noise compared to a thinner and symmetrical airfoil. Further investigations are thus needed in order to segregate the effects of camber and thickness on the separation noise.

Fig. 1 (

 1 Fig. 1 (a) Picture of the nozzle exit (b) Schematic of the two airfoil shapes and positions of the surface pressure measuring points. Red dots and blue dots show the positions where only the steady-state surface pressure is measured and the positions where both the steady and fluctuating wall pressures are measured, respectively. Purple areas show the positions of the tripping tapes.

Fig. 2

 2 Fig. 2 Comparison of the (a) lift coefficients and (b) pitching moment coefficients at the quarter chord between the two NACA airfoils. The angle resolution being too poor to measure precisely the static stall angle for the NACA0012 airfoil, dashed lines where choosen around the stall angle in order not to mislead the reader.

Fig. 3

 3 Fig. 3 Distribution of static pressure on the suction side of (a) the NACA0012 and (b) the NACA63 3 418 at various angles of attack. The colors correspond to the colors from Fig. 4 and 5.
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 456 Fig. 4 Surface pressure PSD at / = 0.92 on the suction side for various static angles of attack and for (a) the NACA0012 and (b) the NACA63 3 418.

Fig. 7

 7 Fig. 7 Instantaneous spectrograms of far-field acoustic pressure for (a) the NACA0012 and (b) the NACA63 3 418, and (c) instantaneous angle of attack for , = 15 • + 15 • sin(2) and = 0.01.

Fig. 8

 8 Fig. 8 Phase-averaged spectrograms of surface pressure at / = 0.92 on the suction side for , = 15 • + 15 • sin(2 0 ) for (a-b) the NACA0012 airfoil and (c-d-e) the NACA63 3 418 airfoil, and (f-g-h) phase-averaged angle of attack. The overbar denotes phase-averaging.

Fig. 10

 10 Fig. 10 Phase-averaged (a) OASPL, (b) lift coefficient and (c) angle of attack during the dynamic stall phenomenon for the NACA63 3 418 airfoil at various reduced frequencies. For the cambered airfoil and = 0.025, the OASPL is cut for angles where the motor noise is dominating.

Fig. 11

 11 Fig. 11 Phase-averaged OASPL during the dynamic stall phenomenon for the two airfoils and = 0.01.

  

  

Table 1 Parameters associated with the five oscillating airfoil configurations.

  

			• )	1 ( • )	(Hz)	★
	1	NACA63 3 418	15	15	0.70	0.005 1.3 ×10 -3
	2	NACA63 3 418	15	15	1.30	0.01 2.6 ×10 -3
	3	NACA63 3 418	15	15	3.30	0.025 6.5 ×10 -3
	4	NACA0012	15	15	1.33	0.01 2.6 ×10 -3
	5	NACA0012	15	15	2.65	0.02 5.2 ×10 -3
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Motor noise

way as for the static regime, the stall noise of the NACA63 3 418 is preceded by an increase of the far-field acoustic spectra amplitude centered at / 1 due to the flow gradually separating from the suction of the airfoil. A gradual broadband increase of the surface pressure spectra near the trailing edge before the dynamic stall onset is also observed (see Fig. 8d). This separation noise is not observed for the NACA0012 airfoil. Finally, the center frequency of the narrow-band peak varies much less in the case of the cambered airfoil. This is due to a much reduced range of angles of attack visited during the deep-stall phase of the cycle compared to the NACA0012, leading to a reduced range of variation of the vortex shedding frequency.

B. Overall Sound Pressure Level

The Overall Sound Pressure Level (OASPL) is defined as:

with ref = 20 Pa the reference pressure and 1 = 70 Hz and 2 = 1000 Hz. These values are chosen in order to capture the noise amplitude variations in the stall noise frequency range. The phase-averaged OASPL during the pitching motion is compared to the phase-averaged lift coefficient in Fig. 10 for the NACA63 3 418 and various reduced frequencies. For every reduced frequencies, the OASPL is progressively increasing before the onset of stall. Maxima of OASPL are then observed at the stall onset and near flow reattachment, corresponding to the broadband noises obtained near the critical stall and reattachment angles. In between these instants, a decrease of the OASPL is observed, corresponding to the dynamic deep-stall noise regime. For = 0.005 and = 0.01, similar OASPL curves are obtained. However for = 0.025, an increase of the width and maximum value of the stall onset OASPL peak is observed. The peak reaches OASPL = 78 dB for = 0.005 and OASPL = 83 dB for = 0.025. Moreover, increasing the reduced frequency