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1. INTRODUCTION

This paper presents recent experimental results about the wall-pressure wavenumber-frequency
spectrum beneath a Turbulent Boundary Layer (TEL). The actual wavenumber spectrum models are not
in agreement especially in the low wavenumber domain. This is a problem because this spectrum
component is very important in terms of self noise due to the structural vibration induced by the flow. So.
in this paper we test a direct measurement of this excitation with a method of Fourier Transform using
limited number of transducers

Firstly, Discret Fourier Transform estimation (DFT) has been tested on three wavenumber spectrum
models (Corcos (1963). Chase (1980), Chase (1987)). Measurement arrays thus constituted are
inevitably a limited length which introduces an imponant bias on the DFI'. In order to reduce it, Maximum
Likelihood Method (MLMJ has been also tried on the same models.

Then. the method was performed on data obtained lrom a streamwise array of 16 equally spaced
transducers llushmounted on a flat plate beneath a turbulent boundary layer. Results are discussed in the
last part ol this paper.

\

2. WALL-PRESSURE WAVENUMBEFI SPECTRUM ESTIMATION.

2.1 Basic principle '
The theoretical approach of wave-vector spectrum estimation using a Fourier Transform (DFT or Fl-T) with
an important number of sensors was proposed by Hodgson and Keltie (1] (1984).

N pressure sensors equally spaced at a distance Ax apart, aligned in the streamwise direction on a wall are
considered. The outputs of these sensors. p‘n(xn.t) represent the spatial sampling of the TBL fluctuation
pressure field p'(x,t) at the points xn=nAx. n=0..... N-t. Time-frequency FFT can be performed on each
signal to give N complex frequency vectors pn(ttn.tu). To obtain the distribution of energy in the
wavenumber domain (Irwin). a Fourier Translon'n in the space domain. is applied. In fact, analogy with time-
lrequency analysrs can be operated : N data points in space will yield NIZ independent wavenurnbers :

k...=m.2£., m=o.,..,fl-1 (1)
NA)! 2

The highest wavenumber which can be measured correctly by the .array is determined by the sensor
spacing Ax according to the theorem of Shannon :

knux=L (2)
Alt

kmax is the cut-off wavenumber or Nyquist wavenumber. The resolution of filter thus constituted is
determined by the length of the array :

4k = .211. (3)
NAX
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The main constraint of this method is to choose the spacing Ax between two sensors. so'that the total
energy contained in the signal be in the analysis range [-kmankmaxl Usually. we can consider that the
maximum wavenurnber of fluctuation pressure field is around 1.5km,” [1], where kcmax is the maximum
convective wavenumber which can be determined by tom“ and Uc (convection velocity). So, the
required sensor spacing is given by :

Ax=_“U£_ (4)
1.50".“

For a wavenumber “5mg? the first aliasing lobe occurs at k'ma km» 2km“. where the energetic

contribulion to the wall pressure spectrum is negligible (see figure 1).
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Figure 1 - Transler function of wavenumber lilter based on Spatial Fourier Transform - condition of unaliasing.

Having determined the spacing based on the convective ridge. the wavenumber resolution depends
only on sensors number :

Ak =__3wm (5)
NU;

22 Practical estimation.
Wakelield and Kaveh (2] (1985) and Tong [3] (1979) describes the methodology to obtain estimator of

the wavenumber-irequency spectrum Firstly, the temporal signal of each sen50r is transformed by a FFT

algorithm in the frequency domain :

D'm(x5,tn)=FI-‘r‘(p'n;(xi.t) (6)

where p'm(xi.l) is the m1" temporal record of the signal issued [rpm the 1"" sensor. Then. the space-

frequency cross-spectrum is given by :

Hmong») = p'mtxi.uip'm'(xi.m) m
where Axij = (i-i)Ax. represents the spacing between sensors i and i. and denotes the coniugate of a

complex number. The final spece-lrequency cross-spectrum is obtained by averaging of Rmii on the M

records oi the wall pressure lield :
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M

Hawk-“*2 Rmmxsm) (3)
ant

Finally, the wall pressure wavenumber can be expressed as iollow in matrix notation:

F‘s-r = leikxllhfilwfleflafl (9)

where R(ru) is the Cross-Spectral Density Matrix (CSDM) with NxN elements The (i,j)lh element at the
matrix is the value 01 the cross-spectrum. RtAxij. w) and e(kx) is the Discrete Fourier vector deiined by :

em) = (1 Em. e-zxm «rt-mm) (1o)

 

where 'h' denotes the conjugate transpose. The tinite number at spatial points introduces bias in the
DFT. This bias can be reduced using the Maximum Likelihood Method (MLM ) which is given by :

when“. (n)
remit Htw)‘ lethll

Rho)" is the inverse matrix of Fi(m). MLM reduces the contribution oi the wavenumbers which are close to
the calculated one.

2.3 Simulations using cross-spectrum models
In order to test these methods on the excitation due to a turbulent boundary layer. three well-known
models at wavenumber pressure spectrum were used: Corcos [4] (1963). Chase (5] (1980) and Chase
[6] (1937).

An example at the diiierence between the models is shown in figure 2. where the Corcos and Chase
models are compared at1200 Hz and with a tree-stream velocity at 10 m/s. The convective ridge is similar
and the main diiierence comes irom the spectrum roll-cit at the low wavebumbers,

 

vervl

Figure 2 - comparison between Corcus. Chase 80 and Chase 87 models computed at 1200 Hz. with non-dimensional
wavenumber mm (d =te'a : spacing between sensors, u_: 10 m/s. UI = 6 m/s),

The Cross Spectral Density Matrix (used in equations (9) and (11)) was lirstly computed by taking an
inverse Fourier transform oi the wavenumber models. using 512 points. Then the DFT and MLM were
pertormed on the CSDM. with a limited number oi spatial points and compared to these models. Figure 3
shows typical results using 16 sensors equally 10'3 rn spaced. tor a tree stream velocity at 10 m/s and a
convection velocity at 6 mls at 1200 Hz, The pertorrnances oi the DFT and the MLM are quite accurate
when the Corcos model is used However. the OFT is unable to follow the spectral roll—oil predicted by the
Chase models whereas the MLM leads to a good approximation. For instance. around kxd/n =D.04

Proc.l.O.A. Vol 15 Part a (1993) as:
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(vertical dashed line). in the low wavenumber domain. the difference between the model and the DFT is

25 dB against 5 dB with the MLM.
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Figure 3 - Comparison between computed analytical Corcos (a). Chase 80 (a) and Chase 87 to) models and

estimations. ————— — -DFl - - ~ - - I 4 - --MLM analytical model.

 

The basic DFT litter shape for the uniform window tunction presents a difference of 13 dB between the

main lobe and the highest side-lobe which is of the same order than the value proposed by Coroos model

between the convective ridge and the low wavenumber domain level. This explains the good results

obtained with the DFT estimation on the Corcos model. As tar as Chase models are concerned. the

decrease of the spectrum below the convective ridge is too imponant compared to the side-lobe leakage

oi the DFT computed with 16 points, Nevertheless. the MLM estimation follows the two models proposed

by Chase and therefore seems to reduce the bias due to the small length of the array.

The main parameter of the array is the number of sensors. In ligure 4. the difference between the

estimation and Chase model (1987), at ltd/n =0.04. is plotted. As known, the increase of the sensor

number leads to a better estimation ol the wall pressure spectrum. Furthermore. the length oi the array

has to be less than the streamwise correlation length of lhe wall-pressure field. However. the MLM

method leads to less accurate results when the number of sensors is too important.

 

NW6m

Figure 4 - etfect of the sensors number on the estimations for the Chase 87 model at ltd/rt = 0.04 and 1200 Hz.
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As majority of authors generally consider Chase model better than Comes model especially in the low
wave number domain. it can be considered, acc'ording to this results that the DFT could be inadequate to
estimate the wavenumber spectrum in this region. Nevertheless, the DFT and the MLM has been
performed on experimental data

3. EXPERIMENT SET-UP AND RESULTS

The experiments was carried out in the wind tunnel of Fluid Mechanics Institute in Marseille. A turbulent
boundary layer was developed along a flat plate The characteristics of the TBL obtained from hot-wire

measurements are given on Table 1‘

  

Table 1 - main characteristics a! the TEL

16 lransducers were used to measure the wall-pressure lluclualions. The transducer and array

characteristics are grven on Table 2.

      

_
_

Ak tm“) (resolution)

Sensors_

Table 2 - array and transducers Charadensucs.

   

  
   
  

   

      

     

The calibration at each transducer was obtained by measuring the response to a calibrated acoustic

excilation (B&K 4230 Source delivering -94 db rel 20 uPa at 1000 Hz). The gain ol each transducers was
adjusted in sorder to obtain the same response to the same excitation. Furthermore. the linearity oi the

magnitude and phase response were measured at the CERDSM

Then, in wmd tunnel using this array. 32 blocs at 1024 temporal points were recorded for each sensors

with a 20Khz sampling lrequency. Figure 5 shows the lsovalues of the wall-pressure spectrum computed

lrom the DFT. Versus the frequency and the nun-dtmensional wavenumber kxdrr:
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lrequeney in Hz

Figure 5 - Normalised spectrum Fi(%.a.m) measured at 12 n'v'e. DPT estimation;

It's interesting to mate that the well-known shape of the TBL pressure field can be obtained directly with

an array of 16 sensors» Indeed, the convective ridge at kx=mlUc and Ihe acoustic psak centred on

kx:ro/t:a (t:n : sound celerin in air) can be clearly observed Cuts at a fixed frequency (from 200 Hz in 1200

Hz) are shown in iigure 6 and 7.
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Figure 5 - Normalised spectrum F1 ($43.” measured at 12 ml: to: various frequencies. ---4- DFT—— MLM.
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Figure 7 - Normalised spectrum F1 (flow) measured a: 12 m/s tor various trequencies. — —-- DFT— MUM .
K

It is observed, a wide peak on the right side corresponding to the convective ridge and an other peak
centred around k,=0, corresponding to the acoustic contribution which comes from the background
noise of the wind tunnel. At low lrequencies. the two peaks are very close and lend Io disjoint as the
trequency increases. The MLM allows to dilterentiate the convective ridge and the acoustic peak as early
as 200 Hz. These results are in agreement with those of Sherman [7] (1990). Nevenheless. the amplitude
at low wavenumber is tound to be 15 dB down the convective ridge compared to 28 dB lound by
Sherman or 22 dB lound by Manoha [6] (1991). Intact. the background noise at the tacility introduces an
acoustical singularity (not due to the TBL) which can disturb the estimations, In order to take into account
of this external contribution. the background noise was simutated, adding on Chase 87 model. an arbitrary
level peak centred around the acoustic number (ligure a).
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Figure 5 . gltects ot external acoustic disturbance on the chase 57 model. ----- - - DFT a - t - - r - - - - MLM
anaryttal model,

In tact. the external acoustic contribution is seen as a plane acoustic wave propagating in the streamwise
direction The ligure B shows clearly that the acoustic penurbation increases the estimated low
Proc.l.O.A. Vol 15 Plrl 3 (1993) 657  
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wavanumber spectral level and that the estimations have dilticulties. in that case. to follow the modified
wall-pressure model,

4. CONCLUSION

i) This study shows that the turbulent boundary layer wall-pressure wavenumber spectrum can be
measured using a spatial Fourier Trenslorm with a limited number of transducers.

ii) The global shape of the TBL pressure field over a large wavenurnber domain can be directly obtained
with an array at 16 sensors (lrom the acoustic wavenumber up to the convective ridge).

iii) It has been shown that the background noise can disturb the spectrum estimation at low wave
numbers.

News experiments are in progress in order to complete the present experimental results, Following
subject are checking : increasing of the spatial pressure resolution using pin-hole transducers. improving
the lrequency resolution and attenuating the background noise at facility.
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