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INVESTIGATION OF THE WALL PRESSURE WAVENUMBER-FREQUENCY SPECTRUM BENEATH A TURBULENT BOUNDARY LAYER WITH PRESSURE GRADIENT

. Both aerodynamic and acoustic components of the wavenumber-frequency spectrum can thus be identified and are investigated.

INTRODUCTION

The understanding of vibrations and noise induced by wall pressure fluctuations is of great importance in hydroacoustics [START_REF] Sevik | Topics in hydro-acoustics[END_REF][START_REF] Blake | Essentials of turbulent wall-pressure fluctuations[END_REF], but also in aeronautical [START_REF] Wilby | Aircraft interior noise[END_REF][START_REF] Graham | A comparison of models for the wavenumber-frequency spectrum of turbulent boundary layer pressures[END_REF] and more recently in automotive applications [START_REF] Leclercq | Investigation and modelling of the wall pressure field beneath a turbulent boundary layer at low and medium frequencies[END_REF][START_REF] Bremner | Developing aerodynamic design diagnostics for control of interior wind noise[END_REF]. The motivations behind the present experimental investigation are twofold. First, a direct measurement of the wall pressure wavevector-frequency spectrum induced by a turbulent boundary layer, including both aerodynamic and acoustic components of loading, is undertaken to characterize boundary layer excitation. The aerodynamic part is associated with the indirect contribution to cabin noise through panel vibration while the acoustic part represents a direct contribution to this noise. They have thus a distinct influence on the sound transmitted. The necessary small separation distance between sensors, and the large difference in energy between the two components, make this experimental identification quite tricky [START_REF] Abraham | Direct measurements of turbulent boundary layer wall pressure wavenumberfrequency spectra[END_REF][START_REF] Ehrenfried | Experimental study of pressure fluctuations beneath a compressible turbulent boundary layer[END_REF][START_REF] Arguillat | Measured wavenumber -frequency spectrum associated with acoustic and aerodynamic wall pressure fluctuations[END_REF][START_REF] Gabriel | A new kind of sensor arry for measuring spatial coherence of surface pressure on a car's side window[END_REF]. Mainly the incompressible part of spectra has been reported over the past fifty years [START_REF] Keith | A comparison of turbulent boundary layer wall-pressure spectra[END_REF][START_REF] Bull | Wall-pressure fluctuations beneath turbulent boundary layers: some reflections on forty years of research[END_REF]. It must be mentioned that similar difficulties are also encountered in numerical simulations [START_REF] Hu | Sound radiation from a turbulent boundary layer[END_REF][START_REF] Gloerfelt | Turbulent boundary-layer noise: direct radiation at Mach number 0.5[END_REF][START_REF] Kremer | Semi-implicit Runge-Kutta development and application to compressible channel flow[END_REF] for extracting the acoustic component. Second, zero-pressure-gradient turbulent boundary layers are often considered. Only a fragmented view is currently offered regarding pressure gradient effects, even for modelling the aerodynamic loading (Schloemer, 1967;[START_REF] Mcgrath | Some features of surface pressure fluctuations in turbulent boundary layers with zero and favorable pressure gradients[END_REF][START_REF] Cipolla | Effects of pressure gradients on turbulent boundary layer wave number frequency spectra[END_REF].

The ultimate goal of the present work is to characterize 2-D wavevector-frequency spectra in various flow conditions, and to separate in each case the aerodynamic and the acoustic contributions, as they known to have a distinct influence on the transmitted sound in vibroacoustics. In a previous study by [START_REF] Arguillat | Measured wavenumber -frequency spectrum associated with acoustic and aerodynamic wall pressure fluctuations[END_REF], a rotating microphone array was used to deduce the wall pressure wavenumberfrequency spectrum through an original post-processing. Results have been reported for a turbulent boundary layer at a Reynolds number Re δ1 = u τ δ 1 /ν = 5.5 × 10 4 and at a moderate velocity U ∞ = 44 m.s -1 . The feasibility to estimate wavevector spectra by this original approach was demonstrated. In these expressions, u τ denotes the friction velocity, δ 1 the displacement thickness and U ∞ the free stream velocity of the boundary layer, and ν is the kinematic viscosity of the fluid.

In the present work, wall pressure fluctuations beneath a turbulent boundary layer submitted to an external mean pressure gradient are investigated with a significantly improved experimental approach. A new channel has been developed for flow-acoustic measurements, in which the ceiling of the test section can be inclined, to generate an accelerated or decelerated mean flow over a flat plate. A new rotating microphone array, mounted on a rigid flat disk, has also been designed to enhance the spectral resolution of the wavevector-frequency spectra of wall pressure fluctuations.

EXPERIMENTAL SETUP

The experiments were conducted in the main subsonic wind tunnel of the Centre Acoustique at Ecole Centrale de Lyon in France [START_REF] Panton | The wavenumber-phase velocity representation for the turbulent wall-pressure spectrum[END_REF][START_REF] Arguillat | Measured wavenumber -frequency spectrum associated with acoustic and aerodynamic wall pressure fluctuations[END_REF]. The flow is generated by a 350 kW Neu centrifugal blower delivering a nominal mass flow rate of 15 kg.s -1 , and the fan is powered by an electronically controlled Tridge-Electric LAK 4280A motor. Air passes through a settling chamber including a honeycomb and several wire meshes designed to reduce free stream turbulence. Acoustic treatment on the wind tunnel walls and baffled silencers allow to reduce the noise level and to prevent contamination of acoustic measurements performed in the anechoic chamber. This results in an air flow at ambient temperature with a low 1 June 30 -July 3, 2015 Melbourne, Australia 8A-2
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Figure 1. Sketch of the test channel and notations. The height of the initial section is h = 250 mm, the length of the whole channel is L = 16h and the location of the disk antenna is x ref = 3h. U ∞ is the local free stream velocity of the boundary layer at the streamwise location of the measurement, that is x 1ref for the rotating array.

background noise and low residual turbulence intensity, less than 1% Three configurations have been retained in the present study, corresponding to a turbulent boundary layer submitted to a zero-pressure-gradient (zpg), a favorable or negative pressure gradient (fpg) and an adverse or positive pressure gradient (apg). Each considered experimental point is denoted by the channel configuration, namely zpg or apg or fpg, which is associated with a position of the channel ceiling, see Fig. 1, and by a number associated with the free stream velocity U ∞ at the location of the disk antenna. Experimental parameters are provided in Table 1.

A detailed description of the channel can be found in [START_REF] Salze | An experimental characterization of wall pressure wavenumber-frequency spectra in the presence of pressure gradients[END_REF], including a characterization of the longitudinal mean pressure distribution, mean velocity profiles and turbulent velocity spectra, measured in various configurations.

WALL PRESSURE SPECTRA

Frequency spectra have been obtained using a 1/8 microphone, fitted with a pinhole cap. The diameter of the cap hole is about d p ≃ 5 mm, and the pressure spectra have been corrected to account for the spatial filtering of the sensor using the Corcos correction [START_REF] Corcos | Resolution of pressure in turbulence[END_REF]). An original high-frequency calibration procedure have been performed to identify the tranfer function of the probe up to 40 kHz.

The resulting pressure spectra S pp (ω) are shown in Fig. 2 as black curves for a zero pressure gradient boundary layer. The measured spectra have been normalized by mixed variables (at the top). This leads to a collapse of the spectra in the low frequency domain. They reach a maximum of about 5 dB for ωδ 1 /U ∞ around 0.4. Then, an ω -0.4 decay is observed in the range 0.5 < ωδ 1 /U ∞ < 5.

Reynolds numbers are not high enough to observe the ω -0.7 power law. The measured spectra can also been normalized by inner variables (at the bottom). This leads to a collapse of all the spectra in the high-frequency domain ων/u τ 2 > 0.6, where an amplitude decay according to ω -5 can be dis- tinguished. The ability of the now classical semi-empirical model of [START_REF] Goody | Empirical spectral model of surface pressure fluctuations[END_REF] to predict the shape of the pressure spectrum in a wide range of Reynolds numbers is remarkable, by fitting the experimental spectra within about 3 dB.

With reference to the zpg case, it is observed that in apg conditions, the low frequency level is increased up to 4 dB, with the position of the maximum being unchanged. In the fpg case, the low frequency level is on the contrary slightly reduced and the shape is very flat with no clear maximum observable.

The root-mean square pressure fluctuation, calculated as Figure 2. Measured wall pressure spectra for a zeropressure-gradient boundary layer. zpg11 case, zpg25 case, zpg36 case, zpg45 case, zpg59 case, refer to Table 1 for boundary layer parameters. On the top, spectra normalized by mixed variables and comparison with Goody's model [START_REF] Goody | Empirical spectral model of surface pressure fluctuations[END_REF] in grey. On the bottom, spectra normalized by inner variables and comparison with the ω -5 power law. Casarella (1991) using the following empirical law p +2 w = 6.5

(Re + ≤ 333) 6.5 + 1.86 log(Re + /333) (Re + > 333)

In the present experiment, increasing the mean pressure gradient leads to an increase in p + w . For the apg configuration, p + w is of the order of 5, whereas it is of the order of 3 for the zpg configuration, and of 2 for the fpg configuration.

WAVENUMBER-FREQUENCY SPECTRA

Signal Processing

The linear antenna consists of n p = 63 identical remicrophones, in order to reach a spacing of 1 mm between probes near the antenna center. These probes are non-uniformly distributed along the disk diameter, to enhance the spectral resolution. For each angular position of the rotating array, pressure signals are recorded for the n p microphones, at a sampling frequency of 51.2 kHz during a time length T 0 = 90 s. The two-sided cross-spectrum R i j between two probes located at x x x and x x x = x x x + r r r is defined as

R(r r r, ω) = lim T →∞ 2π T E p(x x x, ω) p⋆ (x x x + r r r, ω)
for homogeneous turbulence, where p(x x x, ω) is the Fourier transform of p(x x x,t), p⋆ is the conjugate of p, and E is the mathematical expectation [START_REF] Bendat | Random Data[END_REF]. All these cross-spectra are calculated by splitting the time signal into m t = 360 blocks of time length T = 250 ms, without any overlap between the blocks. No windowing function has been applied to the data blocks. It has been found more efficient to apply a moving average to cross-spectra with a filter width ∆ f proportional to the frequency, namely ∆ f = f /10. wavenumber-frequency spectrum is then obtained by taking the 2-D Fourier transform of the cross-spectra

Φ pp (k k k, ω) = 1 (2π) 2
R(r r r, ω)e -ik k k•r r r dr r r over the antenna disk. The reconstruction of Φ pp (k k k, ω) is undertaken in polar coordinates. The transducer locations are denoted by r r r nm = (d n , θ m ), where 0 ≤ n ≤ n r with d n > 0, and the angular antenna position is given by θ m = m∆θ , with ∆θ = π/m θ and m θ = 63. The wavevector-frequency spectrum is then calculated by considering half a turn of the antenna, and both directions of the linear array, that is θ m and θ m + π. It yields

Φ pp (k k k, ω) = 1 (2π) 2 mθ -1 ∑ m=0 nr ∑ n=0 R(r r r nm , ω)e -ik k k•r r rnm + R(-r r r nm , ω)e +ik k k•r r rnm ds n (1)
noting that R(-r r r nm , ω) = R ⋆ (r r r nm , ω), the previous expression can be simplified to 2ℜ R(r r r nm , ω)e -ik k k•r r rnm for the integrand. In a previous study [START_REF] Arguillat | Measured wavenumber -frequency spectrum associated with acoustic and aerodynamic wall pressure fluctuations[END_REF], the central microphone was taken as the reference, and each half of the linear antenna is associated with θ m and θ m + π respectively. The cross-spectrum R(r r r, ω) is then discretized by n r = (n p -1)/2 = 31 points in the radial direction.

In the present work, the wavenumber-frequency spectrum is reconstructed by making use of all the possible distances between two probes in one direction, under the assumption of homogeneous turbulence. There are potentially n p (n p -1)/2 couples, and by removing redundancies, the cross-spectrum R(r r r, ω) in the radial direction along the linear antenna is estimated from n r = 855 pairs. As an illustration, the coherence function γ c (∆r) reconstructed in the ra- dial direction along the mean flow, and at a given frequency, is shown in Fig. 4. The elementary area ds n is calculated as anda Hann windowing is applied in the radial direction for the space integration. The spectral resolution 2π/d a is imposed by the antenna diameter d a , and a spectral grid with a regular step of ∆k = 5 m -1 been chosen. Finally, note that

ds n = π(l 2 n+1 -l 2 n ) × ∆θ /2π with l n = d n + d n+1 /2,
Φ pp (k k k, ω) is a real quantity, that is Φ pp (k k k, ω) = Φ ⋆ pp (k k k, ω).

1-D Spectra

Streamwise one-dimensional wavenumber-frequency spectra Φ (1) pp (k 1 , ω) are defined by integrating the 2-D spectra over the transverse wavenumbers,

Φ (1) pp (k 1 , ω) = +∞ -∞ Φ pp (k 1 , k 2 , ω)dk 2
This spectrum is shown for the zpg45 case in Fig. 5, by noting that Φ (1) pp (k 1 , ω) = 2πΦ (1) pp (k 1 , f ). The convective ridge located around the convective wavenumber k 1 = k c = ω/U c , follows a slightly concave curve for the higher values of the frequency. This indicates that the convection velocity U c is progressively reduced when the frequency increases, which is consistent with other experimental data and also with the predictions of a modified Smolyakov model [START_REF] Salze | An experimental characterization of wall pressure wavenumber-frequency spectra in the presence of pressure gradients[END_REF]. A second contribution is also visible, less energetic and following a line very slightly inclined relative to the frequency axis. This a trace of the acoustic contribution to the wall pressure field [START_REF] Abraham | Direct measurements of turbulent boundary layer wall pressure wavenumberfrequency spectra[END_REF].

2-D Spectra

normalized wavenumber-frequency pressure spectrum is plotted in Fig. 6 for the case zpg45, and for 6 dimensionless frequencies from ωδ 1 /U ∞ = 0.26 to 1.55, cor- responding to 500 ≤ f ≤ 3000 Hz. The turbulent or aeropart, centered around the convective wavenumber k 1 = k c is clearly seen with its characteristic elongated shape in the k 2 direction. The dissymmetry in the k 1 direction is also apparent. The spoke pattern is generated by pp (k 1 , ω) ×U ∞ /(τ w 2 δ 1 2 ) in dB, as a function of the reduced frequency ωδ 1 /U ∞ and of streamwise wavenumber k 1 δ 1 for the case zpg45.

the polar Fourier transform, and can be explained theoretically [START_REF] Coggins | Polar Fourier transforms of radially sampled NMR data[END_REF]. The acoustic component is seen as a circle centered around the origin and of radius k 0 = ω/c ∞ . More precisely, from the geometrical acous-

tic dispersion relation c 2 ∞ k 2 -(k 1 U ∞ -ω) = 0,
it can been shown that the acoustic domain lies inside the ellipse given by

(k 1 + (M/β 2 )k 0 ) 2 (k 0 /β 2 ) 2 + k 2 2 (k 0 /β ) 2 = 1
where M = U ∞ /c ∞ is the free stream Mach number and β = √ 1 -M 2 is the Prandtl-Glauert parameter. However, the velocity is quite moderate in the present case, and β ≃ 1.

The energy ratio between the convective and the acoustic parts is now examined. The acoustic contribution, identified from the dispersion relation of acoustic waves, is integrated in wavenumber space over the acoustic disk. The ratio η of the acoustic part relative to the total pressure field is shown in Fig. 7, as a function of the frequency. With respect to the discretization in wavenumber space, η can be correctly estimated only for frequencies ωδ 1 /U ∞ ≥ 0.28. One has η ≃ 0.01 -0.02 for the zpg45 configuration. The difference between the total pressure field and the acoustic contribution is about 20 dB.

CONCLUDING REMARKS

Wall pressure fluctuations beneath a turbulent boundary layer submitted to an external pressure gradient have been investigated. Wall pressure fluctuations have been measured using a pinhole microphone. They are in good agreement with previous experimental data, and also with the semi-empirical model of Goody for the zpg configuration. An effort is under way to develop a less empirical model, with the aim to introduce the influence of a pressure gradient.

Wavevector-frequency spectra have also been performed from the use of a rotating linear array of remote microphones, for which the distribution is optimized to enhance the spectral resolution. They are estimated by taking the 2-D Fourier transform of the measured cross-spectra, and by using all the possible pairs associated with the irregular distribution of the probes along the linear antenna. The Figure 6. Wavenumber-frequency spectra for the zpg45 case at ω = 0.26 (500 Hz), 0.52, 0.77, 1.03, 1.29 and 1.55 (3000 Hz), using a linear scale for amplitude. acoustic part can be separated from the convective one in a reasonable range of frequencies. Despite the limited spectral resolution, the acoustic contribution can be integrated in wavenumber space to estimate its relative contribution to the total pressure field.

Work is in progress to determine the influence of adverse and of favorable external pressure gradients, and the relative contribution of the acoustic component to the wall pressure field.

  and normalized by viscous scaling is plotted in Fig.3as a function of the Reynolds number p + w = f (Re + ), and compared to previously published data. The normalized pressure fluctuations increase with the Reynolds number, as is the case for the previously published data. The evolution of p + w with Re + has also been described byFarabee & 

  root mean square wall pressure fluctuations p + w as a function of the Reynolds number Re + . ZPG-BL: present data, • • Corcos (1964), ✷ Emmerling et al. (1973), ⊳ • Blake (1970), ⊲ • Schewe (1983), △ McGrath & Simpson (1987), • Gravante et al. (1998), + and from Farabee & Casarella (1991), × Goody & Simpson (2000), Viazzo et al. (2001). APG-BL: present data. FPG-BL: • present data, McGrath & Simpson (1987) for -0.48 ≤ β ≤ -0.16.

Figure 4 .

 4 Figure 4. Amplitude of the coherence function γ c (∆r) = |R(r r r, ω)|/ S pp (0, ω)S pp (r r r, ω) reconstructed in the radial direction along the mean flow (θ = 0) at f = 10 3 Hz, for the case zpg45.

Figure 5 .

 5 Figure 5. Normalized streamwise one-dimensional spectrum Φ (1)pp (k 1 , ω) ×U ∞ /(τ w 2 δ 1 2 ) in dB, as a function of the

Figure 7 .

 7 Figure 7. Contribution of the acoustic part relative to the total field Φ pp (k k k, ω), as a function of the normalized frequency ωδ 1 /U ∞ .

Table 1 .

 1 Boundary layer parameters for the present experiments at ECL, U ∞ is the local free stream velocity, δ 1 the boundary layer displacement thickness, H the shape factor, u τ the friction velocity, Re δ1 = δ 1 U ∞ /ν the Reynolds number, Re + = u τ δ /ν the Kármán number where is the kinematic viscosity, and β = (δ 1 /τ w )dP ∞ /dx 1 the Clauser parameter.

	U ∞ δ 1 × 10 3 H	u τ	Re δ1	Re +	β
	zpg 11 25 36 45 59 76 100 apg 8 12 19 27 38 45 57 76 fpg 10 32 45 63	3.1 2.8 3.2 3.7 3.6 2.9 3.5 8.4 8.2 6.2 5.0 5.5 5.8 5.2 6.0 2.1 2.1 1.7 1.8	-------1.38 0.31 4.6 × 10 3 1036 0.95 1.34 0.48 2.2 × 10 3 633 1.30 1.02 4.7 × 10 3 1006 1.30 1.35 7.4 × 10 3 1778 1.31 1.65 1.1 × 10 4 2718 1.31 2.05 1.4 × 10 4 3374 1.28 2.71 1.5 × 10 4 3559 1.30 3.54 2.3 × 10 4 5050 1.42 0.42 6.7 × 10 3 1122 1.06 1.41 0.66 7.9 × 10 3 1321 0.83 1.36 0.96 9.1 × 10 3 1596 0.64 1.31 1.34 1.4 × 10 4 3555 0.71 1.31 1.55 1.8 × 10 4 5135 0.81 1.31 1.95 2.0 × 10 4 5139 0.72 1.31 2.45 3.0 × 10 4 8027 0.94 1.27 0.50 1.5 × 10 3 501 -0.48 1.24 1.35 4.6 × 10 3 1353 -0.63 1.23 1.90 5.0 × 10 3 1881 -0.50 1.22 2.53 7.5 × 10 3 2490 -0.59
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