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1. INTRODUCTION

This paper presenls recent experimenial resulls about the wall-pressure wavenumber-frequency
spectrum beneath a Turbulent Boundary Layer (TBL). The actual wavenumber spectrum models are not
in agreement especially in the low wavenumber domain. This is a problem because this specirum
component is very imparant in terms of self noise due 1o the siructural vibration induced by the flow. So,
in this paper we test a direcl measurement of this excitation with a method of Fourier Transform using
limited number of transducers.

Firstly, Discret Fourier Transform estimation {DFT) has been lested on three wavenumber spectrum
models {Corcos (1963), Chase (1980), Chase (1987)). Measurement arrays thus constituled are
ingvitably a limiled length which introduces an imponant bias on the DFT. In order 1o reduce it, Maximum
Likelihood Method {MLM) has been also tried on the same models.

Then, the method was performed on data oblained fraom a streamwise array ol 16 equally spaced
transducers {lushmounted on a flat piate beneath a turbulent boundary layer. Resulls are discussed in the
last par of this paper.

i

2. WALL-PRESSURE WAVENUMBER SPECTRUM ESTIMATION.

2.1 Basic principle .
The theoretical approach of wave-vector spectrum estimation using a Fourer Transform {(DFT or FFT) with

an important number of sensors was proposed by Hodgson and Kellie [1) (1984},

N pressure sensors equally spaced at a distance Ax apant, aligned in the streamwise direction on a wall are
considered. The oulputs of lhese sensors, p'(x,.1) represent the spatial sampling of the TBL fluctuation
pressure fiefd p'(x.t) al the points x,=nax, n=0...., N-1. Time-frequency FFT can be performed on each
signal to give N complex frequency veclors p,(x,.w). To obtain the distribution of energy in the
wavenumber domain (k,.w}, @ Fourier Transform in the space domain, is applied. In fact, analogy with time-
Irequency analysis can be operated : N dala points in space will yield N/2 independent wavenumbers :

km=m2Ei m=0..N.1 (1)
NAx 2

The highest wavenumber which can be measured correctly by the armray is determined by the sensor
spacing Ax according 1o the theorem of Shannon :
kma:= £ {2
Ax
Kmayx is the cul-off wavenumbes or Nyquist wavenumber. The resolution of filler thus constituted is

determined by the length of the array :
ak= 2L 3
Nax
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The main constraint of 1his method is to choosa the spacing Ax belween two sensors, so thal the fotal
energy contained in the signal ba in the analysis range [-Kyax+Kmaxl: Usually, we can consider that the
maximum wavenumber of fluctuation pressure field is around 1.5k, [1), where Kpmay is the maximum
convectiva wavenumber which can be delermined by wmgay and U, {convection velocily). So, the
required sensor spacing is given by :

px=_%Ye 4)
1.5 max

For a wavenumber km=mﬁzz';_, the first aliasing lobe occurs at K= k + 2kgay, where the energetic

coniribution to the wall pressure spectrum is negligible {see figure 1}.

| frain 10be of N prassure .
tne littgr wa bl aliasi
WBVerumber ::: =
spacirum

kydx
(K i+ 2k g J Ax e
1t

Figure 1 - Transter function of wavenumber filer based on Spatial Fourier Transform - condition of unaliasing.

Having determined the spacing based on the convective ridge, the wavenumber resolulion depends
only on sensors number :

Ak =3tmay )
NU,

2.2 Praciical estimalion,

Wakelield and Kaveh {2] {1985) and Tong [3] (1979) describes the methodology 1o oblain estimator of
the wavenumber-frequency spectrum. Firsily, the temporal signal of each sensor is transformed by a FFT
algerilhm in the frequency domain

P'm*1,0}=FFT (P mt} (6)

where p'rp(x;t} is the mil femporal record of the signal issued from. the ith sensor. Then, the space-
frequency cross-specirum is given by :

Rimi(8%;.0) = P'm{X;-0) p'm(%}.0) (?

where Ax;; = (i-)ax, represents the spacing between sensors i and j, and "= denoles the conjugate of a
complex number. The final space-frequency cross-specisum is oblained by averaging of Ry on the M
records of the wall pressure lield :
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M
H(Axu.m)=ﬂd—z Rim{Axg ) &
M=t

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

Fier = el Rlw)lefkd]  (9)

where R{w) is the Cross-Speciral Density Matrix {CSDM) with NxN alemants. The (i) elerment of the
matrix is the value of the crass-spectrum, R(ax;, w) and e(k} is the Discrele Fourier vector delined by :

ek = (1,e%ed* g it g (N-Tkasn (10}

where ** denoles the conjugate lranspose. The finite number of spatial points intreduces bias in the
DFT. This bias can be reduced using the Maximurn Likedihood Method {MLM ) which is given by :

Fimm= —h1'——
[e(kx)] Ht(‘-‘)dlﬂ(k:)]

R{w)™! is the inverse matrix of R{w). MLM reduces the contribution of the wavenumbers which are close to
the calculated one.

2.3 Simulations using cross-spectrum models
In order 1o lest these metheds on the excitation due o a turbulent boundary layer, three well-known
models of wavenumber pressure spectrum were used : Corcos [4] (1963). Chase {5) (1980) and Chase

{6) (1987).

An example of the difterence between the models is shown in figure 2, where the Carcos and Chasa
models are compared at1200 Hz and with a free-stream velocity of 10 més. The convective ridge is similar
and the main diflerence comes lrom the spectrum roll-off at the low wavebumbers.

1 -
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Figure 2 - comparison between Corcos. Chase 80 and Chase B7 models computed at 1200 Hz, wilh non-dimensional
wavenumber kd/x (d =101 : spacing between sensors, U_= 10 mvs, U, = 6 mvs),

The Cress Spectral Density Matrix (used in equations {9) and (11)) was firstly computed by laking an
inverse Fourier transiorm of the wavenumber models, using 512 points, Then the DFT and MLM were
performed on the CSDM, with a limiled number of spatial poinis and compared 1o thesa models, Figure 3
shows typical resulls using 16 sensors equally 103 m spaced, for a free stream velocity of 10 m/s and a
convection velocity of 6 mvs a1 1200 Hz. The perdormances of the DFT and the MLM are quite accurate
when the Corcos model is used. However, the DFT is unable to foliow the spectral roli-off predicled by the
Chase models whereas the MLM leads to a good approximation. For instance, around ke din =0.04
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{vertical dashed ling), 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 belween compuled analytical Corcos (a}, Chase 80 (b) and Chase 87 (c) models and
estimations. analytical model.,

The basic DFT filter shape for the uniform window tunction presents a difference of 13 dB between the
rmain lobe and the highes! side-lobe which is of the same order than the value proposed by Corcos model
balween the conveclive ridge and the low wavenumber domain level. This explains the good results
obtained wilh the DFT estimation on the Corcos model. As far as Chase models are concerned, tha
decrease of the specirum below the convective ridge is 1oo important compared to the side-lobe leakage
of the DFT computed wilh 16 points. Nevertheless, the MLM estimation follows the two models proposed
by Chase and therefore seems 1o reduce the bias due Io the small length of the array.

The main parameter of the array is the number of sensars. In figure 4, the differenco belween the
estimation and Chase model {1987), at kd/r =0.04, is piotted. As known, the increase ol the sensor
number leads 1o 8 belter estimation of the wall pressure specirurm. Furthermore, the length of the array
has 1o be less than lhe streamwise carrelation length of the wall-pressure field. However, the MLM
method leads 1o less accurate results when the number of sensors is loo impodant.
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Figure 4 - effect of the sensors number on the estimations for the Chase 87 model at kd/n = 0.04 and 1200 Hz.
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As majority of authors generally consider Chase model better than Corcos model especially in the low
wave number domain, it can be considered, accerding fo this results that the DFT could be inadequate to
estimate the wavenumber specirum 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 oul 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.

X(m) | Uelrvs) [ &(mm) |61 (mm) | 8(mm) | H | Tp |Ut(s)| 103Ci | Rer [ 10%R

3.4 12 64.8 8,37 6,27 1,33 | 0,27 0,46 3,03 {21104 2,81

Table 1 - main characteristics of the TBL.

16 transducers were used lo measure the wall-pressure fluctuations. The transducer and array
characteristics are given on Table 2.

MNumber 16

Ax {mm) 3.5
Array Total length (mm) 56

Kmax {m™") {unaliased region) 898

Ak (m1) (resolution) 112

Type piezoelectric transducer

Constructor Endevco (USA)
Sensors Model 8507-2 (2 PSI)

Outer diameler {(mm) 2.6

Sensitivity 25 uVi/Pa

Table 2 - array and transducers characteristics.

The calibration of each lransducer was obtained by measuring the response to a calibrated acoustic
excitation (B&K 4230 Source delivering -94 db ref 20 pPa at 1000 Hz). The gain of each transducers was
adjusted in sorder to obtain the same response to the same excitation. Furthermore, the linearity of the
magnitude and phase response were measured at the CERDSM.

Then, in wind tunnel using this array, 32 blocs of 1024 temporal points were recorded for each sensors

with a 20Khz sampling frequency. Figure 5 shows the isovalues of the wall-pressure spectrum computed
from the DFT, versus the frequency and the non-dimensional wavenumber kyd/n.

Proc.l.0.A. Vol 15 Part 3 (1993) 655



Proceedings of the Institute of Acoustics

TBL WALL PRESSURE MEASUREMENT

Al
~-0.5-4
kd oo
b3
Niveau dB
-45%
- .
0.5 Zﬁfi
i
-T2
-7
—40d
10+ : g
o 500 000 1500

frequency in Hz

Figura 5 - Normalised spectrum Ftt(k_;-‘i.o'm] measurad at 12 m/s, DFT estimation.

It's interasting to note 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 ky=w/U; and the acoustic peak centred on

ky=w/c, (Cq : sound celerity in air) can be clearly observed. Cuts at a fixed frequency (from 200 Hz to 1200
Hz) are shown in figure 6 and 7.
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Figure 6 - Normalised spectrum F1 (%,o.m} measured at 12 Vs for various frequencies. = — =~ DFT ———— MM,
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Figure 7 - Normalised spectrum F1 (ﬂ.n.w] measured a4 12 s for various frequencies. — — — = DFT =————— MLM.
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It is cbserved, a wide peak on the right side correspanding 1o the convective ridge and an ather peak
centred around ky=0, corresponding 1o the acouslic contribution which comes from the background
noise of the wind tunnel. At fow frequencies, the two peaks are very close and lend 1o disjoint as the
{requency increases. The MLM allows 10 differentiate the convective ridge and the acoustic peak as early
as 200 Hz. These results are in agreement with ihose of Sherman [7] {1990). Neventheless, the amplitude
of low wavenumber is found to be 15 dB down the convective ridge compared to 28 dB found by
Sherman or 22 dB found by Manoha [8] (1991). In fact, the background noise of the facility introduces an
acoustical singularity (not due to the TBL) which can disturb the estimalions. In order 1o take inlo account
of this external contribution, the background noise was simulated, adding on Chase B7 model, an arbitrary
level peak centred around the acoustic number {figure 8).
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Figure 8 - ellects of external acoustic disturbance on the chase 87 model. —===—-—- 5 B MLM
—————————— analytical model.

In faet, the external acoustic contribution i Seen as a plane acoustic wave propagating in the streamwise
direction. The figure 8 shows clearly thal the acouslic periurbation intreases the estimated low
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wavaenumber spectral level and thal the estimalions have difficulties, in that case, to follow the modified
wall-pressure model.

4, CONCLUSION

i} This study shows thal the turbulent boundary layer wall-pressure wavenumber spectrum can be
measured using a spatiai Fourier Transiorm with a limited number of transducers.

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

iii} t has been shown thal 1he background noise can dislurb the spectrum eslimation at low wave
numbers,

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