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Experimental Investigations on Noise Shielding: Dependency on Reference Noise Source and Testing Environment

This paper presents the experimental results of a study conducted at DLR, ONERA and NASA on the shielding of sound by an NACA 0012 airfoil. The work presented was done in the context of the AVT-233 working group of the Science and Technology Organization (STO) of NATO. The experiments were conducted in the DLR Acoustic Wind Tunnel Braunschweig (AWB), the ONERA F2 tunnel and the NASA Quiet Flow Facility (QFF), with the goal of investigating

Nomenclature

𝑝𝑝′ 𝑠𝑠 𝑟𝑟 (𝑡𝑡), 𝑝𝑝 𝑖𝑖 ′𝑟𝑟 (𝑡𝑡) = acoustic pressure of scattered (s), isolated (i) field as measured (or computed), i.e., not corrected for nose cone effects 𝑝𝑝̂𝑟𝑟(𝑓𝑓), 𝑝𝑝(𝑓𝑓)

= spectrum (Fourier coefficient) of 𝑝𝑝 ′𝑟𝑟 (𝑡𝑡) or (nose cone) corrected 𝑝𝑝 ′ (𝑡𝑡) PSD (𝑟𝑟) (𝑓𝑓)

= spectrum (power spectral density based on finite duration time average or ensemble average) of 𝑝𝑝 ′𝑟𝑟 (𝑡𝑡). PSD(𝑓𝑓)

= spectrum (power spectral density based on finite duration time average or ensemble average) of (nose cone) corrected pressure 𝑝𝑝 ′ (𝑡𝑡).

𝜂𝜂(𝑓𝑓)

= narrow band spectrum of shielding factor 𝛾𝛾 𝑝𝑝 (𝑓𝑓)

= narrow band shielding level 𝛾𝛾 𝑝𝑝 ( = overall corrected shielding level (overall shielding of actual laser pulse) 𝛾𝛾 𝑝𝑝(∞) 2 𝑟𝑟 0 = magnitude of the displacement vector 𝒙𝒙 = observer position vector 𝝃𝝃 𝟎𝟎 = source position vector

I. Introduction

oise is not only a problem with civil aviation but in the military sector as well. Jet propelled agile (unmanned) air vehicles generate particularly intense noise during operation. This is a problem in peacetime due to community annoyance during necessary training and test flights, and in wartime because of the risk of an early acoustic detection of the aircraft by the enemy. The particular engine integration of such vehicles is essential for turning them into either noisier or quieter aircrafts. However, today, noise is not part of the design process, but comes as a more or less problematic by-product after the configuration is fixed. The potential of clever engine integration and its corresponding beneficial acoustic installation effects for particularly low noise vehicles is not exploited. The problem here is that, as opposed to more classical design disciplines, noise predictions are not as advanced. The applicability for low noise vehicle design of acoustic prediction methods is sometimes unclear, and the methodologies not often validated.

In order to establish a sound aeroacoustic shielding database for a firsthand validation of acoustic prediction codes, a set of interrelated aeroacoustic shielding tests were planned and executed. The emphasis was put on an extensive 2D diffraction study for a well-known airfoil geometry, namely the NACA 0012. These studies laid the groundwork for which the characterization of acoustic shielding properties of actual aircraft geometries was done. The 2D shielding tests presented herein were conducted in DLR's Acoustic Wind Tunnel Braunschweig (AWB), ONERA's F2 Low-Speed Wind Tunnel and NASA's Quiet Flow Facility (QFF) for nominally the same test conditions in order to learn about the measurement scatter across different facilities. In the AWB and the F2 facilities, two different acoustic sources were implemented and used for these shielding tests, namely DLR's laser source and ONERA's electric discharge source (SPARC). In the QFF facility, a separate laser source was used. A major objective of this study was to determine how consistent the measured data would be across the three facilities, since each has a different test section configuration. The AWB and QFF have, respectively, a fully open and partially open test section, while that of the F2 is closed.

The results reported herein were obtained in the context of the AVT-233 working group of the Science and Technology Organization (STO) of NATO. The purpose of the AVT-233 was to help identify and validate appropriate acoustic prediction methods as a basis for low noise military aircraft design with a focus on acoustic shielding of engine noise.

II. Reference Noise Sources

Two acoustic source concepts were developed and employed in the acoustic shielding tests carried out in the framework of AVT 233. The first source, the laser-induced sound source, relies on the focusing of a laser beam by an appropriate lens system onto a point in space where a very short light pulse generates a plasma and thus, an acoustic pressure pulse. This concept is nonintrusive in nature and was developed by DLR. The second source, SPARC, is based on an electric discharge between two electrodes. It was developed by ONERA and is intrusive, but bears the advantage of providing a very strong signal such that good Signal-to-Noise (S/N) ratios may be achieved.

A. DLR Laser Sound Source

For the investigation of noise shielding properties of generic bodies or aircraft configurations, it is necessary to utilize a reference sound source with known characteristics (i.e., known directivity and spectral content). Such a source can be realized using a conventional loudspeaker or, as in [START_REF] Hutcheson | Shielding of Turbomachinery Broadband Noise from a Hybrid Wing Body Aircraft Configuration[END_REF], using customized pipe arrangements and pressurized air. However, the physical dimensions of these sources make their use in aeroacoustic investigations difficult because they interfere directly with the flow field and/or the acoustic field, thus adding perturbation to any acoustic measurement.

A laser-based (nonintrusive) pulsed sound source circumvents all of these inconveniences while providing a reference acoustic pressure wave of nearly uniform directivity and broadband spectral content. Because of its very short pulse duration, the generated sound wave also has the advantage of being easily separated from unwanted N reflection. Furthermore, its characteristics can be derived directly from the solution of the acoustic wave equations, making its implementation in numerical simulation codes straightforward [START_REF] Rossignol | Analysis of the Noise Shielding Characteristics of a NACA0012 2D Wing[END_REF][START_REF] Rossignol | On the Relevance of Convection Effects for a Laser-Generated Sound Source[END_REF][START_REF] Rossignol | Validation of DLR's Sound Shielding Prediction Tool Using a Novel Sound Source[END_REF][START_REF] Rossignol | Investigating Noise Shielding by Unconventional Aircraft Configurations[END_REF][START_REF] Boden | Development of a laser-based sound source[END_REF][START_REF] Boden | Grundlagenuntersuchungen zu einer neuartigen Laserschallquelle[END_REF].

By focusing a high energy laser beam to a point (i.e., an effective air volume), it is possible to initiate the formation of a small plasma, which rapidly expands [START_REF] Hosoya | Acoustic testing in a very small space based on a point sound source generated by laser-induced breakdown: Stabilization of plasma formation[END_REF][START_REF] Radziemski | Laser induced plasmas and applications[END_REF], thus forming a pressure wave about its boundary, which propagates through the surrounding medium. Assuming that the corresponding pressure perturbation, ′ , is propagating in a medium of uniform mean density and is moving at a uniform subsonic speed, 𝑝𝑝 ′ can be expressed as

𝑝𝑝 ′ (𝒙𝒙, 𝑡𝑡) = (γ -1)(1 -M 2 ) 4πa ∞ 2 ��(𝑴𝑴 ⋅ 𝒓𝒓 𝟎𝟎 ) 2 + (1 -𝑀𝑀 2 )𝑟𝑟 0 2 -𝑴𝑴 ⋅ 𝒓𝒓 0 � 𝜕𝜕𝜗𝜗 𝑝𝑝 𝜕𝜕𝜕𝜕 (1) 
where all variables are to be evaluated at the retarded time 𝜕𝜕, which is related to the observer time 𝑡𝑡 by

𝑡𝑡 = 𝜕𝜕 + 1 𝑎𝑎 ∞ (1 -𝑀𝑀 2 ) � -𝑟𝑟 0 ⋅ 𝑀𝑀 + �(𝒓𝒓 𝟎𝟎 ⋅ 𝑴𝑴) 2 + (1 -𝑀𝑀 2 )𝑟𝑟 0 2 �. (2) 
In ( 1) and ( 2), the distance 𝑟𝑟 0 (𝜕𝜕) is the magnitude of the vector from source location, 𝝃𝝃 𝟎𝟎 (𝜕𝜕) , to observer location, 𝒙𝒙, (i.e., 𝒓𝒓 𝟎𝟎 ≔ 𝒙𝒙 -𝝃𝝃 𝟎𝟎 ) at emission time 𝜕𝜕. 𝑎𝑎 ∞ represents the speed of sound, 𝛾𝛾 is the isentropic exponent and 𝜗𝜗 𝑝𝑝 is the time history of the actual heat release at the (moving) source position. Equation (1) emphasizes the importance of the temporal heat input (𝜕𝜕𝜗𝜗 𝑝𝑝 /𝜕𝜕𝜕𝜕) in generating a high amplitude pressure wave. Moreover, such a pressure wave does not exhibit any directionality for a medium at rest but features convective amplification in the direction of convection for a moving medium.

To achieve plasma formation, a minimum amount of laser power or irradiance, 𝐼𝐼 (in W/cm 2 ), has to be provided into the medium to reach the breakdown threshold (𝐼𝐼 𝑡𝑡 ) for the initiation of plasma formation. Once 𝐼𝐼 𝑡𝑡 is reached, the plasma starts building up, and its temperature and density increase greatly while absorbing a large portion of the input laser beam energy [START_REF] Phuoc | Experimental studies of the absorption and emissions from laser-induced spark in combustible gases[END_REF][START_REF] Chen | Spatial and temporal profiles of pulsed laser-induced air plasma emissions[END_REF]. A theoretical description of the phenomenon is provided by the multiphoton ionization and cascaded ionization mechanisms [START_REF] Ostrovskaya | Laser spark in gases[END_REF]. In its early stage, the expanding plasma generates a pearshaped pressure front with initial supersonic propagation speed, which becomes an almost omnidirectional pressure wave in the far field [START_REF] Ostrovskaya | Laser spark in gases[END_REF][START_REF] Villagrán-Muniz | Shock and thermal wave study of laser-induced plasmas in air by the probe beam deflection technique[END_REF]. The initial shock wave slows down to the isentropic speed of sound after approximately 20 𝜇𝜇𝜇𝜇, at which point it propagates as an isentropic acoustic wave. Consequently, the small plasma generated can be seen as a breathing sphere with 10 mm radius [START_REF] Boden | Development of a laser-based sound source[END_REF]. The value of 𝐼𝐼 𝑡𝑡 is of about 3.5 × 10 12 W/cm 2 for an irradiation of wavelength 𝜆𝜆 = 532 nm in air and at standard atmospheric pressure [START_REF] Phuoc | Laser spark ignition: experimental determination of laser-induced breakdown thresholds of combustion gases[END_REF]. The breakdown threshold power is dependent on the type of gas, its pressure, the radiation wavelength, the duration of the laser pulse and its focusing conditions [START_REF] Ostrovskaya | Laser spark in gases[END_REF]. Most relevant for the current practical application, are the last two parameters. Typical time traces and spectra are plotted in Fig. 1.

Fig. 1 Characteristic laser-generated pressure waves and spectra.

B. ONERA SPARC source

The SPARC source (Source imPulsionnelle AeRoaCoustique) is based on an electrical discharge produced by creating a difference of potential between two electrodes. A strong electric field is created, which ionizes the air between these electrodes. The small ionized air volume between the electrodes conducts a strong electric current that leads to a significant increase of the air volume temperature. This heating is accompanied by a dilation of this volume of air and is immediately followed by a contraction. This phenomenon results in a fluctuation of the local density, which leads to the emission of a high amplitude acoustic N-type wave that propagates uniformly in all directions (Fig. 2). The isolated pulse signal, which is more than 1000 Pa in amplitude (peak to peak), is less than 100 µs in duration. The SPARC source is able to produce electrical discharges at a rate of 10 Hz for more than 1 minute, resulting in the generation of hundreds of N-waves.

In order to check the performance of the SPARC source in presence of flow, a few tests were carried out in the F2 wind tunnel with a simple flat plate (Fig. 3) before the NACA 0012 profile test campaign.

Fig. 3 SPARC source (new design) in F2 for preliminary tests.

The characteristics of the SPARC source remained consistent in the presence of flow up to 60 m/s. The reflections on the walls of the wind tunnel were removed using a temporal signal analysis. The acoustic measurements confirmed the expected shielding effect with an increase in SPL on the source-side of the plate due to reflections and a large decrease in SPL on the opposite side, in the shadow zone. The installation effects and consistent output of the SPARC source were verified in these preliminary tests.

III. Test Facilities

A. DLR's Acoustic Wind Tunnel Braunschweig (AWB)

The AWB is DLR's small dimension high-quality anechoic testing facility (see Fig. 4).

It is an open-jet Göttingentype wind tunnel capable of running at speeds of up to 65 m/s, optimized for noise measurements at frequencies above 250 Hz. The test section is 1.2 m high by 0.8 m wide. The AWB has been in service since the 1970s and is used to conduct research on a wide range of topics, from classical airframe noise problems to propeller/rotor noise, as well as jet installation noise and noise shielding problems. The AWB is equipped with most standard means for the realization of acoustic measurements, as well as basic aerodynamic measurements.

Fig. 4 Acoustic Wind Tunnel Braunschweig (AWB).

B. ONERA's F2 Low-Speed Wind tunnel

The F2 subsonic wind tunnel (Fig. 5) of ONERA in Fauga-Mauzac, France is a low turbulence, closed test section, research facility with a special focus on laser Doppler anemometry. The test section is 5 m long by 1.4 m wide by 1.8 m high. The side walls of the test section are made up of removable opaque or transparent panels, which allow viewing access to be specially adapted according to the requirements of each test. The wind tunnel is equipped with a 12-bladed fan driven by a 680 kW direct current motor. The velocity can be continuously varied from 0 to l00 m/s by adjusting the motor speed. The total temperature is controlled within ± l°C by a water cooler. The settling chamber is equipped with 4 screens, a honeycomb filter, and noise dampers on walls, which, in conjunction with a contraction ratio of 12, supplies a flow with a very low level of turbulence in the test section (less than 0.05 %). 

C. NASA's Quiet Flow Facility (QFF)

The QFF is located at the NASA Langley Research Center in Hampton, Virginia. The QFF is specifically designed for aeroacoustic testing. Its anechoic test chamber (Fig. 6) is equipped with a 0.61 by 0.91 m rectangular partially open wind tunnel nozzle. Two vertical side plates attached to the short sides of the nozzle are used to mount the test models in the test section. 

IV. Experimental Test Case : NACA 0012 Wing

A. Experimental Setup in AWB

A detailed description of the experimental setup is provided in Ref. [START_REF] Rossignol | Analysis of the Noise Shielding Characteristics of a NACA0012 2D Wing[END_REF] and is repeated here for completeness. The test setup in the Acoustic Wind Tunnel Braunschweig (AWB) is shown in Fig. 7. The 2D wing with the NACA 0012 profile (c=0.2 m) is mounted vertically in the test section with a 0.2 m offset from the tunnel centerline. This was done to provide enough room for the in-flow microphone to be placed in the geometric far-field of the model.

As can be seen in the left part of Fig. 7, the whole laser was tilted 3° toward the model, to avoid collision of the optical components with the wing's support when moving the source. Measurements were performed for three geometrical angles of attack, 𝛼𝛼 𝑔𝑔 = 0°, ±10°, corresponding to effective aerodynamic angles of attack, 𝛼𝛼 = 0°, ±6°.

The correspondence was established through comparison of the experimental pressure distributions to those obtained by CFD. The transition location was determined through stethoscope inspections, and found to occur at ≈ 0.8c for α=0° and ≈0.9c and at ≈ 0.15c on the pressure and suction sides, respectively, for 𝛼𝛼 𝑔𝑔 = ± 10°. A 0.4 mm thick straight rectangular trip strip was applied at x/c=0.6 on the suction side to prevent the occurrence of laminar flow separation. The wind tunnel nozzle was covered with acoustic foam as a preventive measure to ensure that sound wave reflections did not contaminate the measurements, especially in cases where the in-flow microphone was positioned upstream of the wing LE. Preliminary tests revealed, however, that acoustic treatment of the ground, nozzle and positioning elements was not necessary. Reflections generally did not play an important role when using the laser sound source, due to the very short duration of the generated pressure pulses (≈ 0.1 ms). When a shielding object is present between the sound source and a remote receiver, one has to be more careful to make sure that only the meaningful part of the measured signal is kept for further processing. This is due to the longer propagation paths of the sound waves about the shielding object, requiring longer time series to be inspected in post-processing to capture all of the relevant sound intensity. Details concerning the data acquisition and post-processing procedures can be found in Ref. [START_REF] Rossignol | Analysis of the Noise Shielding Characteristics of a NACA0012 2D Wing[END_REF].

B. Experimental Setup in F2

The ONERA test campaign in the F2 wind tunnel was dedicated to the tests with the SPARC source (ONERA) and with the laser source (DLR). The experimental setup is presented in Fig. 8. The microphone and the SPARC source were moved manually, step by step. The NACA 0012 airfoil with a 200 mm chord was horizontally mounted in the test section of the wind tunnel. The ceiling and the floor of the test section were 900 mm from the airfoil. The side walls were located 700mm from the midspan. The SPARC source and laser source were alternatively used and placed at the same positions. Pressure taps were used to adjust the angle of attack at 0 degree only. The static condition (0 m/s) and a 55 m/s flow velocity were tested. The SPARC source pulse rate was 10 Hz, and the acquisition time was 11 seconds in duration. To characterize the diffraction due to the NACA 0012 airfoil, measurements were acquired in the chordwise and spanwise directions. The sampling rate was 262 kHz, and the signals were high-pass filtered at 22 Hz.

The realization of DLR's laser-based sound source in the F2 tunnel was done using the same lens and laser setup that was used during the AWB measurement campaign. The complete assembly was mounted on a two-axis displacement system to allow precise positioning of the source about the model surface. Unlike for the AWB, which has an open test section, the F2 tunnel has transparent Plexiglas walls of 20 mm thickness. Therefore, the laser beam had to go through this wall while being focused near the wing. This, however, was not a problem, and a source of equivalent quality could be produced in both wind tunnels.

As was done in the AWB, acoustic signals were acquired with a GRAS 40DP 1/8" pressure field microphone (provided by DLR) mounted "in-flow" on a traversing arm in the tunnel test section. The microphone position relative to the model was set to exactly replicate the AWB experiment. 

C. Experimental Setup in QFF

The experimental setup for the NACA 0012 scattering test conducted in the QFF is shown in Figs. 9 (a) and (b). An NACA 0012 airfoil of 0.91 m span and 0.2 m chord was positioned at the center of the test section. It was supported vertically above the nozzle by the two test section side walls. Each end of the airfoil was mounted to a rotating plate to allow for angle of attack changes. A 1/8" (0.3175 cm) 4138 B&K microphone equipped with a B&K UA 0355 nose cone was used to acquire the acoustic measurements inside the test section. It was mounted on a linear traverse attached to the two test section side walls, while the laser and optic assembly was positioned behind one of the test section walls, which was modified to incorporate a 0.95 cm thick tempered glass window. The sound source was generated by a high energy, focusing laser beam. The laser system used was a Nd:YAG, Gemini PIV laser, with an energy pulse of 120 mJ, a wavelength of 532 nm and a pulse width of 3 to 5 ns. As depicted in Fig. 10, a set of 7.62 cm diameter achromatic, expansion, collimating and focusing lenses was used to focus the laser beam at the test section midspan to produce a small plasma, which rapidly expands to generate a nearly omnidirectional pressure wave that propagates as an isentropic acoustic wave in the far field. To minimize laser reflections, the path of the laser beam from the laser head to the test section wall window was encased by installing tubes in-between optical lenses, and between the focusing lens and the test section wall window. A photodetector was also positioned near the laser window to record the laser-induced plasma (sound source) occurrences. The traverse system used to position the in-flow microphone and the laser/optic assembly was designed to be compact and rigid in order to minimize flow-induced vibrations. It was used to traverse the in-flow survey microphone in the streamwise direction, and the laser system assembly in both streamwise and crosswise directions to position the sound source at chosen locations.

The laser-induced sound source was generated with a repetition rate of 5 Hz, and the survey microphone response was recorded for 20 s, creating time records of 100 acoustic pulses per data point. The survey microphone data were acquired simultaneously with two different sampling rates, 250 kHz (as in the corresponding DLR and ONERA tests) and 10 MHz. (The acoustic datasets acquired at 10 MHz are used for the QFF results presented in this paper.)

The low-pass and high-pass filters were set at 100 kHz and 150 Hz, respectively. For the processing of each data point acquired, the time signal was gated to isolate the portion of the signal that corresponds to the sound that is directly propagating from the source or to the scattered sound that is propagating from the leading and trailing edges of the airfoil. The gated time signals were then superposed and averaged. The laser Q-switch (trigger) and photodetector signals (which were also recorded) were used in this process to properly identify the acoustic pulses and superpose the gated signals. Finally, the spectra were calculated using data blocks that were zero-padded to the number of samples needed to obtain a frequency resolution of 61 Hz.

Each set of in-flow (survey) microphone measurements was acquired with and without the airfoil installed (i.e., for shielded and unshielded conditions). These measurements were acquired in the midspan plane of the airfoil, one chord away (20 cm) from the test section centerline (which is also the airfoil chord line at 0° angle of attack), as well as two chords away (as in the tests conducted in the AWB and F2 facilities) for a subset of test cases. Microphone measurements performed two chords away from the test section centerline placed the microphone outside of the test section. Measurements at that location were, therefore, only performed without flow. The sound source was positioned at different locations with respect to the airfoil, and microphone surveys were performed for three flow speeds (Mach numbers 0, 0.087 and 0.16) and three angles of attack (AOA), 0° and +/-13.1°, corresponding to effective aerodynamic angles of attack, α * , of 0° and +/-6°, respectively. A detailed description of the QFF shielding test can be found in [START_REF] Hutcheson | Experimental Study of Noise Shielding by a NACA 0012 Airfoil[END_REF].

V. Results

A. Definitions of Quantities for Results Presentation

Before proceeding with a direct comparison of the data, standard quantities are defined for the quantification of the shielding efficiency of the test wing. This will ensure a fair comparison between facilities and between the different reference test sources. The results will be given in terms of "octave-band normalized shielding levels",

𝛾𝛾 𝑝𝑝(1/1) 𝑛𝑛 (𝑓𝑓 𝑐𝑐 ) = 20 log�𝜂𝜂 (1/1) 𝑛𝑛 � (3) 
and in terms of "overall normalized shielding levels"

𝛾𝛾 𝑝𝑝 𝑛𝑛 (∞) = 20 log�𝜂𝜂 (∞) 𝑛𝑛 �. ( 4 
)
The narrow band spectrum of the shielding factor 𝜂𝜂(𝑓𝑓) is defined as,

𝜂𝜂(𝑓𝑓) = |𝑝𝑝̂𝑠𝑠 𝑟𝑟 | �𝑝𝑝̂𝑖𝑖 𝑟𝑟 � = |𝑝𝑝̂𝑠𝑠| |𝑝𝑝̂𝑖𝑖| = � PSD 𝑠𝑠 𝑟𝑟 PSD 𝑖𝑖 𝑟𝑟 = � PSD 𝑠𝑠 PSD 𝑖𝑖 (5) 
where 𝑝𝑝(𝑓𝑓) are the Fourier coefficients of the Fourier-Transformed pulse. From 𝑝𝑝(𝑓𝑓) we determine octave band averages of the shielding factor 𝜂𝜂 (1/1) 𝑛𝑛 (𝑓𝑓 𝑐𝑐 ) (see Eq. 6) for 𝑓𝑓 𝑐𝑐 = 7 kHz, 14 kHz, 28 kHz, 56 kHz, as well as an overall normalized shielding factor 𝜂𝜂 (∞) 𝑛𝑛 (see Eq. 7).

𝜂𝜂 (1/1) 𝑛𝑛 (𝑓𝑓 𝑐𝑐 ) = � √2 𝑓𝑓 𝑐𝑐 � 𝜂𝜂 2 (𝑓𝑓)𝑑𝑑𝑓𝑓 𝑓𝑓 𝑐𝑐 √2 𝑓𝑓 𝑐𝑐 /√2 � 1/2 (6) 𝜂𝜂 (∞) 𝑛𝑛 = � 1 𝑓𝑓 𝑢𝑢 -𝑓𝑓 𝑙𝑙 � 𝜂𝜂 2 (𝑓𝑓)𝑑𝑑𝑓𝑓 𝑓𝑓 𝑢𝑢 𝑓𝑓 𝑙𝑙 � 1/2 (7) 
In Eq. 7, 𝑓𝑓 𝑢𝑢 = 56 kHz ⋅ √2 and 𝑓𝑓 𝑙𝑙 = 7 kHz/√2. The overall normalized shielding factor is therefore calculated over the frequency range 4950 Hz < 𝑓𝑓 < 79196 Hz. The motivation behind the use of octave-band average values of the shielding factor is to produce curves that are less oscillatory and therefore more easily interpretable and comparable between experiments. The unconventional choice of octave band central frequencies is motivated by the experimental data and computations available. The frequency-wise determination of the shielding factors ensures that the results will be independent of the source frequency content.

B. Dependency on Testing Environment (facility-to-facility comparisons)

The facility-to-facility comparison is done based on the averaged octave band shielding levels, 𝛾𝛾 𝑝𝑝(1/1)

𝑛𝑛

. Results for M=0 and M=0.16 are presented in Fig. 11 and Fig. 12, respectively. Results are given for a single source position of 𝑥𝑥 𝑠𝑠 𝑐𝑐 ⁄ = 0.7, which is common to all databases.

We first consider results obtained with the laser sound source. The agreement between all datasets is very good at M=0 for 𝑓𝑓 𝑐𝑐 = 7 kHz and 𝑓𝑓 𝑐𝑐 = 14 kHz with a data spreading on the order of ±1dB. Some discrepancies appear in the comparison at 𝑓𝑓 𝑐𝑐 = 28 kHz and become more significant for 𝑓𝑓 𝑐𝑐 = 56 kHz. For M=0.16, in Fig. 12, a similarly good agreement is observed between all datasets. The important discrepancies observed between datasets for the 𝑓𝑓 𝑐𝑐 = 56 kHz octave band and both M=0 and M=0.16 are related to the nonlinear dependency of the source intensity with the laser power setting and source-receiver separation [START_REF] Rossignol | Analysis of the Noise Shielding Characteristics of a NACA0012 2D Wing[END_REF]. This will be discussed in more detail in Section VI.

In Fig. 12, results from both the AWB and F2 tunnels for M=0.16 are plotted. In Figs. 12a and12d, results for M=0 are also added, along with simulations made for the corresponding cases. In the experiment, the first octave band shielding levels, i.e., 𝑓𝑓 𝑐𝑐 = 7 kHz, are found to lower in magnitude by about 5 dB over all measurement positions when the tunnel is running, compared to when M=0. This is, for the most part, due to strong low-frequency contamination present in that particular octave band, even after the data are high-pass filtered above 5 kHz. This observation is also supported by simulations (shown in Fig. 12a, see companion paper [START_REF] Lummer | Computation and Validiation of Acoustic Shielding at Realistic Aircraft Configurations[END_REF]) which display no relevant Mach number dependency of the shielding levels in octave band 𝑓𝑓 𝑐𝑐 = 7 kHz. The simulations were based on the solution of the APE equations using DLR's CAA code PIANO [START_REF] Delfs | Numerical Simulation of Aerodynamic Noise with DLRs aeroacoustic code PIANO[END_REF], the background flow of which was calculated by solving the RANS equations based on the k-omega turbulence model. The distribution of the narrowband shielding factor in Figs. 16b and 17b again underline that the low frequency measurements suffer from massive noise contamination. Nonetheless, the contamination remains on very similar levels in both AWB and F2, an indication that the results are not strongly dependent on the testing facility. An interesting result, when one considers that AWB and F2 are different types of wind tunnels.

In Fig. 12d, the shielding levels are found to be strongly affected by the presence of the flow field, with an important reduction in shielding effectiveness in the upstream direction of as much as 5 dB. This effect could be explained by sound waves reaching deeper into the shadow region under the combined influence of solid edge diffraction and refraction though boundary layer velocity gradients. It is interesting to note here that this effect is similar in both AWB and F2, thus suggesting that a similar flow field exists around the wing, as is to be expected from the static pressure distributions. In that figure, simulation results are also added to emphasize that the observed effect is flowrelated and not the consequence of contamination in the experimental data. Both simulation curves are shifted up 3 dB to allow for a better comparison with the experiment. The discrepancies between the AWB and F2 datasets, for M=0.16, and the 3 dB shift of the simulation results in Fig. 12d, are all related, at least in part, to nonlinear effects (to be discussed further in Section VI).

The agreement found between test facilities in Fig. 11 and Fig. 12 was not, a priori, to be expected, as all three wind tunnel environments greatly differ. The results, however, clearly demonstrate that the laser source, being a very short-duration impulsive source, is not effectively "aware" of its environment. This holds as long as a separation of the source pulse from reflected pulses remains possible in post-processing.

C. Dependency on Reference Sound Source (source-to-source comparisons)

In Fig. 13, octave band averaged shielding levels obtained with the SPARC source for the 𝑓𝑓 𝑐𝑐 = 7 kHz octave band are presented for M=0.0 and M=0.16. The presentation is similar to that of Figs. 11 and 12. Both at M=0.0 and M=0.16, the results obtained with the SPARC source in AWB and F2 are in good agreement with the results obtained with the laser source (for 𝑓𝑓 𝑐𝑐 = 7 kHz). There are no data available at other frequencies. At M=0. [START_REF] Lummer | Computation and Validiation of Acoustic Shielding at Realistic Aircraft Configurations[END_REF], results obtained with the SPARC source again display no strong dependency on the tunnel environment.

The decreased shielding levels obtained with the laser source in the 7 kHz octave band (Fig. 13b) are again believed to be associated with flow-induced noise contamination. The results obtained with the SPARC source in that same frequency range are believed to be more reliable because of the intrinsic stiffness (and hence low level of flowinduced vibration) of the SPARC source setup. Moreover, the SPARC source generates much higher amplitude pressure pulses and thus a larger signal-to-noise ratio.

VI. Laser Sound Source: Dataset-to-Dataset Differences in the Calculated Shielding Levels

The discrepancies observed in Fig. 11d and Fig. 12d are discussed in terms of the overall shielding levels for the AWB/F2/QFF datasets. To rule out any issues related to the post-processing procedures used at DLR and NASA, the overall shielding levels calculated using QFF data and processed by both institutions are plotted in Fig. 14a. The solid triangle symbol corresponds to NASA's post-processing while the empty square symbol stands for DLR's post-processing. The agreement is excellent and the general offset between QFF vs. AWB and F2 data can now be removed by only considering the first three octave bands in the calculation of the overall shielding level (see Fig. 14b).

It was previously stated that the discrepancies observed in Fig. 11d for 𝑓𝑓 𝑐𝑐 = 56 kHz are related to the nonlinear dependency at high frequencies of the source intensity with the laser power settings and source-receiver separation [START_REF] Rossignol | Analysis of the Noise Shielding Characteristics of a NACA0012 2D Wing[END_REF]. This becomes clear when looking at the spectra of the incident and shielded pressures, 𝑝𝑝̂𝑖𝑖 and 𝑝𝑝̂𝑠𝑠 , and of the corresponding shielding factor 𝜂𝜂, for source position 𝑥𝑥 𝑠𝑠 𝑐𝑐 ⁄ = 0.7 and microphone position 𝑥𝑥 𝑐𝑐 = 0.5 ⁄ in Fig. 16. Thus, in Fig. 16a, data from the QFF are compared to data acquired in AWB, while in Fig. 17b, a comparison between AWB and F2 data is made. In both figures, the shielding factor computed from simulations is also plotted. Looking at the spectrum of 𝜂𝜂 in Fig. 16a, one observes that both the QFF and AWB data display a broad hump near 90 kHz. The spectrum of 𝜂𝜂 calculated with the QFF data also displays, however, a second hump around 50 kHz that is not present in the DLR data. This explains the differences in shielding levels observed in Fig. 11d between the QFF and AWB data for 𝑓𝑓 𝑐𝑐 = 56 kHz. Looking at the comparison between AWB and F2 results in Fig. 17b, one sees that 𝜂𝜂 follows very similar curves for both datasets, which is consistent with the good agreement shown in Fig. 16a between the AWB and F2 data.

The simulation results displayed in Figs. 16a, 16b and 17b do not show the high frequency humps of the experimental data. In Figs. 12 and 13 of Ref. 2 (repeated here in Fig. 15 for convenience), it was shown that the general shape of the spectrum of the laser sound source is a nonlinear function of the source-receiver distance and incident laser energy. The simulations (which are based on the linear APE equations) do not take these nonlinear propagations effects into account, but solely an inverse distance linear decay of the sound amplitude with distance to the observer. In the experiment, the unshielded incident pressure is measured some 2 chord lengths away from the source, while the shielded pressure wave originates from diffraction of the original source wave by the wing. Thus, the shielded pressure wave propagates linearly to the microphone from the diffraction point. The reference incident pressure is therefore comparatively too low by approximately 2.5 dB in the 56 kHz octave band. This leads to biased shielding levels with a higher magnitude in that particular octave band. The better way of determining the reference, unshielded, pressure 𝑝𝑝î𝑖 would, therefore, be to measure it at a distance to the source comparable to that of the diffracting edges from the source origin. This is something that will be considered in future experiments.

There are also important variations in the overall shape of the spectra between all three experiments. In F2, the glass walls on the optical path of the laser might have an impact on the source characteristics while different laser energy output settings and lens setups in all three wind tunnels might alter the source spectra. For M=0.16 (see Fig. 17b), the hump in the spectrum of 𝜂𝜂 has almost double in level compared to the when M=0, showing a clear dependency of the spectra on flow velocity. It is to be noted that this increase in eta, due to the presence of the flow, is equally observed in the simulation data for frequencies over 30 kHz, again pointing to the mentioned refraction effects in the boundary layer. These aspects would require further investigations for clarification. Without a better understanding of these effects, comparisons between experiments of the shielding effectiveness in the 𝑓𝑓 𝑐𝑐 = 56 kHz octave band will remain difficult.

VII. Conclusion

A report on experimental investigations on noise shielding by a generic NACA 0012 airfoil is presented. The dependency of the results on the choice of a specific testing environment and sound source is investigated. Three different wind tunnels are considered, (1) DLR Acoustic Wind Tunnel Braunschweig (AWB), as an anechoic fully open test section facility, (2) NASA Quiet Flow Facility (QFF), as an anechoic partly open test section facility and (3) ONERA F2 tunnel, as a non-anechoic closed section facility. All three facilities are low-speed wind tunnels. Two impulsive sound sources are considered: the nonintrusive laser sound concept of DLR, and the intrusive electric discharge source (SPARC) concept of ONERA.

The results revealed no strong dependency on the choice of wind tunnel environment at M=0.0 and M=0.16. Results obtained with the laser sound source were found to be prone to some level of flow induced contaminations (from vibrations) at the lowest frequency considered, for M=0. [START_REF] Lummer | Computation and Validiation of Acoustic Shielding at Realistic Aircraft Configurations[END_REF]. No important contamination was observed for lower Mach number flows. This difficulty was not directly related to the source, but mostly to the stiffness of the experimental setup. Results obtained from campaigns at DLR and NASA using this source methodology and for M=0.0, are in excellent agreement over the frequency range considered. At M=0.16, results from the AWB campaign using the laser sound source compare very well with numerical simulation results done by DLR. At the highest frequency considered herein, results obtained with the laser sound source were found to be very sensitive to the choice of operating parameters. The electric discharge source performed well at the lowest frequency considered in this study.

The analysis presented in this paper provides insights into the uncertainties and variability of the experimental quantification of the shielding efficiency by a generic airfoil. The knowledge gained through this analysis will allow for the identification of the most important sources of error and their mitigation in future experiments. This step is crucial with regard to establishing benchmark databases for the validation of numerical simulation codes. 
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 111216131416 Fig. 11 Comparison of octave-band averaged shielding levels; laser sound source in AWB vs F2 vs QFF, M=0.

  Fig. 17 Laser sound source in AWB vs F2, 𝜶𝜶 = 𝟎𝟎°, M=0.16 (a) Overall shielding level (b) Spectra of the incident, 𝒑𝒑 � 𝐢𝐢 , and shielded, 𝒑𝒑 � 𝐬𝐬 , pressures and of the shielding factor η, source position 𝒙𝒙 𝒔𝒔 𝒄𝒄 ⁄ = 𝟎𝟎. 𝟕𝟕, microphone position 𝒙𝒙 𝒄𝒄 ⁄ = 𝟎𝟎. 𝟓𝟓. Octave bands and respective average value of η shown by shaded area and empty square symbols in (b).
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