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An experimental investigation of wall pressure

fluctuations beneath pressure gradients
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I. Introduction

The understanding of the structural response under excitation is often the first motivation to study wall-
pressure fluctuations. Vibrations and noise induced by turbulent-boundary-layer pressure is of importance
in hydroacoustics,> 726 but also in aeronautics'# 27 45,18
The aerodynamic part of wall-pressure fluctuations is associated with the indirect contribution to cabin
noise through panel vibration while the acoustic part represents a direct contribution to this noise. Direct
measurements of the wall pressure excitation by a turbulent boundary layer, including both aerodynamic and
acoustic components of loading, is thus desirable. The large dynamic range between these two components

and more recently in automotive applications.

makes this experimental characterization quite tricky.? 112 Mainly the incompressible part of wall-pressure
fluctuations has been reported over the past fifty years.'6 It must be mentioned that these difficulties
are also encountered in numerical simulations.'? %7 Moreover, zero-pressure-gradient turbulent boundary
layers are often considered, but numerous engineering applications involves the presence of pressure gradients.
Only a fragmented view is currently offered regarding pressure gradient effects, even for modelling the

aerodynamic loading.® 20,25

In a previous study by Arguillat et al.,> a rotating microphone array was used to estimate both the
aerodynamic and the acoustic part of the wall pressure wavevector-frequency spectrum through an orig-
inal post-processing. Results have been reported for a turbulent boundary layer at a Reynolds number
Res, = ur0g/v = 1716 and at a moderate velocity U = 44 m.s~! and the feasibility of obtaining pressure
spectra by this original approach was demonstrated. In these expressions, u, denotes the friction velocity,
dg the momentum thickness and Uy, the free stream velocity of the boundary layer, and v is the kinematic
viscosity of the fluid. It was also noticed that some improvements could be carried out in the future regarding
the test channel as well as the antenna. Starting from this study, wall pressure fluctuations induced by a
turbulent flow were investigated and the experimental approach was revisited and significantly improved.
In the present work, two experimental set-ups were used to better describe wall-pressure features beneath a
turbulent boundary layer.

First, a new channel was used for flow-acoustic measurements. The ceiling of the test section can be
inclined, which allowed turbulent boundary layers in the presence of pressure gradients to be considered. A
new disk antenna, mounted on a rigid flat plate, was also developed and carefully manufactured, to allow
the determination of wall pressure wavevector-frequency spectra. Some properties of the turbulent flow for
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zero-pression-gradient boundary layers as well as for adverse- and favorable-pressure-gradient configurations,
were reported in Salze et al.?* Wall pressure fluctuations were also measured using a pinhole microphone
combined to an original high-frequency calibration. They have been found in good agreement with previous
experimental data. Direct measurements of wavevector-frequency spectra were performed with the use of a
rotating linear antenna of remote microphones. The microphone distribution has been optimized to improve
the array response with respect to previous works. The convection velocity or length scales associated with
the aerodynamic contribution have been extracted from the data and compared to other measurements
and some classical models. More recently, a wall jet facility was used for the optical characterization of
the turbulent boundary layer. A particle image velocimetry technique was used to describe wall-bounded
turbulence close to the wall.

In the present work, wavenumber-frequency spectra are rebuilt using all the properties of the rotating an-
tenna, in order to extract the acoustic part. Furthermore, additional results are reported from an experiment
in which cross-correlations between wall fluctuating pressure and the streamwise fluctuating velocity are mea-
sured in the presence of pressure gradients. particle image velocimetry snapshots are also analyzed to better
understand wall-pressure fluctuations in the case of a wall jet excitation. The paper will be organized as
follows. The experimental setups and techniques are described in section II. Results are presented and
discussed in section III, and concluding remarks are given in section I'V.

II. Experimental setups and techniques

The experiments were conducted in the main subsonic wind tunnel of the Centre Acoustique at Ecole Centrale
de Lyon in France.??2 The flow is generated by a 350 kW Neu centrifugal blower delivering a nominal mass
flow rate of 15 kg.st, 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. The acoustic treatement on the wind tunnel walls and baffled silencers
allows noise reduction, and prevents acoustic contamination of the measurements performed in the anechoic
chamber. This results in an air flow at ambient temperature with a low background noise and low residual
turbulence intensity, less than 1%.

II.A. The closed wind tunnel

T3

I
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Figure 1. Sketch of the closed wind tunnel configuration and notations. The height of the initial section is h = 250 mm,
the length of the closed wind tunnel is L = 2 m, and the location of the disk antenna is Z,er = 750 mm. It should
be noted that Up is the velocity at the channel inlet (@1 = 0), and that Us is the local free stream velocity of the
boundary layer at the streamwise location of the measurement, xi,er for the rotating antenna.
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A sketch of the channel is shown in Figure 1. As mentioned in introduction, the two parts of the roof can
be sloped to control the mean pressure gradient inside the channel. Three configurations were retained in
the present study, corresponding to a turbulent boundary layer submitted to a zero-pressure-gradient, a
favourable or negative pressure gradient and an adverse or positive pressure gradient. The side walls of the
second part of the channel were acoustically treated using a wire mesh and a porous liner, in order to reduce
noise generated by the jet at the channel outlet.

Velocity profiles inside the channel were measured using hot-wire anemometry, in particular to estimate
the thickness and the friction velocity of the turbulent boundary layer. A complete characterization of the
turbulent boundary layer was previously reported in Salze et.al.?* and will not be reproduced here. The
main parameters are indicated in Fig.1, were zpg, apg and fpg respectively denote a zero-, adverse- and
favourable- pressure-gradient boundary layer. The last label wj denotes the wall jet experiment described
in the next section.

U 61x10° H Ur Res, Re™ B
11 3.1 1.34 048 22x10° 633 -
25 2.8 1.30 1.02 4.7 x10° 1006 -
36 3.2 1.30 1.35 7.4x10° 1778 -
zpg 45 3.7 1.31 1.65 1.1x10* 2718 -
59 3.6 1.31 205 1.4x10* 3374 -
76 2.9 1.28 271 1.5 x10* 3559 -
100 3.5 1.30 3.54 23 x10* 5050 -
wj 50 2.8 1.37 1.73 9.6 x 10° 3309 -
8 8.4 1.38 031 4.6x10° 1036 0.95
12 8.2 142 042 6.7x10° 1122 1.06
19 6.2 1.41 066 7.9x10° 1321 0.83
27 5.0 1.36 0.96 9.1 x10° 1596  0.64

apg 4
38 5.5 1.31 134 1.4x10 3555 0.71
45 5.8 1.31 1.55 1.8x10* 5135 0.81
57 5.2 1.31 195 2.0x10* 5139 0.72
76 6.0 1.31 245 3.0 x10* 8027 0.94
10 2.1 1.27 050 1.5x10° 501 —0.48
32 2.1 1.24 135 4.6x10® 1353 —0.63

fpg

45 1.7 123 1.90 5.0x10®° 1881 —0.50
63 1.8 1.22 253 7.5x10° 2490 —0.59

Table 1. Boundary layer parameters for the present experiments at ECL.

II.B. Wall-pressure instrumentation and signal processing

The principle of a linear array of 63 pressure sensors placed on a rotating disk inside the closed wind tunnel
has again been retained for this study. With respect to the study in Arguillat et al.,? the diameter of the
disk has been slightly increased to obtain a better resolution of low frequency components. Moreover a non-
uniform radial distribution of the probes has also been chosen. An accurate description of the aerodynamic
ridge requires a very small distance between probes, of the order of one millimeter, which can unfortunately
not be obtained by using flush-mounted 1/4 or 1/8 inch microphones. Remote microphones have thus been
selected in this work, even if this solution also presents some drawbacks. Wall pressure fluctuations have also
been measured using a pinhole microphone combined to an original high-frequency calibration.?* Following
Corcos,? all pressure spectra obtained using the pinhole microphone have been corrected to account for the
spatial filtering of the sensor. Unsteady pressure signals are simultaneously recorded over the 63 probes at
a sampling frequency of 51.2 kHz during a time period of Ty = 90 s.
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The Fourier transform p(k,w) of the pressure field p(a,t) in space and in time is defined by
pe.t) = [ [ otk Dndo = 7 (k)
Assuming stationary random signals and ergodicity, the cross spectral density is defined as,
. 2T . .
Ryp(,€,) = lim =2 B[p(,w)p" (@ +&,w)]

where € = (£1,&2) is the separation vector between two probes located at x and x + €. The cross-spectra
R, are extracted from time signals using 360 blocks of time length 7" = 250 ms with no overlap between the
blocks. In practice, the wall pressure field is assumed to be homogeneous over the microphone array, that is
Ryp(x, €, w) = Ryp(€,w). The wavevector-frequency spectrum is then directly computed by discretizing the
following Fourier integral,

Bk, w) = #// R, w)e ™ Ede (1)

24 using the central probe as

a reference sensor. For each of the 64 angular positions reached by the rotating antenna, 63 cross-spectra

A similar approach was developed previously by some of the present authors,

between sensors were computed in the cross-spectral matrix (see Fig. 2 at left).

63 63
50 50
40 40
=30 =30
20 20
10 10

1 1
1 10 20 30 40 50 63 1 10 20 30 40 50 63
1 1

Figure 2. Cross-spectral matrix (CSM) of the rotating antenna, for a single angular position. At left: referenced CSM,
at right: full CSM. A blue dot indicates that a cross-spectrum between sensors i and j is used in the calculation.

The Fourier integral (1) was then computed directly over 63 x 64 spatial positions, in polar coordinates. In
the present work, all the possible cross-spectra between sensors have been computed in order to enrich the
spatial discretizing of the quantity R(€,w). Given the symmetry property of the cross-spectral matrix:

R;j = R;;*
the symetry property of the linear array:
Ry jo = Rang—j2No—i

and the possible doublings of £ vectors, the Fourier integral (1) was now computed over 855 x 64 spatial
positions in polar coordinates (see Fig. 2 at right). This procedures doubles the spectral resolution of the
rotating antenna, a better description of the acoustic part of the wavevector spectrum if therefore expected.

An 1/8 inch Briiel & Kjeer type 4138 microphone was also used to obtain one-point frequency spectra. The
sensing area of the microphone has been reduced by fitting it with a pinhole mask made of a perforated
cap. The diameter of the pinhole is about d, ~ 0.5 mm. An original calibration procedure was developed,
in order to describe frequency spectra up to 50 kHz.?* During the closed wind tunnel experiment, the
pinhole microphone was located on the rotating disk (see Fig.1). During the wall jet experiment, the pinhole
microphone is located at the center of the PIV window, 400 mm downstream from the nozzle exit, see Fig.3.
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II.C. The wall jet

A sketch of the wall jet facility is shown in Fig.3. The flow is guided through a rectangular nozzle with a cross
section of 250 by 500 mm over a wooden flat plate measuring 600 mm in the cross-flow direction by 1.2 m
in the streamwise direction. The measurement section for the PIV set-up is located 400 mm downstream
from the nozzle exit, well inside the potential core of the wall jet. The turbulent boundary layer has first
been characterized using hot-wire anemometry. The main parameter resulting from this characterization are
detailed in Table 1, were the label wj denotes the wall jet configuration. It should be noted that, in the
wall jet experiment, Uy, denotes the maximum velocity of the wall jet above the turbulent boundary layer.
The outer region of the wall jet, where the velocity tends to zero, is much higher and was therefore not
investigated in this study.

Z3
A
laser with
cylindrical lens
Z2
Us 4
Uy —
501 =0
& microphone

high-speed behind a pinhole cap
CMOS camera

Figure 3. Sketch of the wall jet configuration and notations. The height of the initial section is h = 250 mm, the length
of the flat plate is 600 mm, and the pinhole microphone is located 400 mm downstream from the nozzle exit.

Velocity profiles are reported in Fig.4. Mean and fluctuating components have been extracted both from
hot-wire measurements and from the PIV snapshots at ;1 = 0 as a function of x3. The mean velocity profile
extracted from hot-wire measurements (see Fig.4, left) exhibits a plateau far from the boundary (z3* > 2000)
and a classical logarithmic region (z3% < 500). The outer region where the mean velocity vanishes is not
visible. The velocity profile is therefore very close in shape to a closed wind tunnel boundary-layer velocity
profile. A very good agreement (within 3%) between PIV measurements and hot-wire measurements is
obtained. However, because of light diffusion, the region x3™ < 300 cannot be determined using the present
PIV setup.
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Figure 4. At left : mean velocity profile U; as a function of z3. At right : velocity fluctuations utims as a function of
3.
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II.D. Particle Image Velocimetry

Thurbulent velocity fields were obtained in the boundary layer by a two-dimensional two-components time-
resolved particle image velocimetry technique (see Fig. 3). A SAFEX smoke generator was used to create
glycol particles of size 1 us to seed the flow. A CMOS Phantom V12 camera with a dynamic range of 12 bits
and a resolution of 1280 x 800 pixels was used to obtain 68 x 21 mm snapshots of the boundary layer. Images
were corrected for possible optical distortions. A vertical sheet of the turbulent flow was illuminated using a
Quantronix Darwin Duo Nd-YLF dual-cavity laser with a pulse energy of 18 mJ and a 527 nm wavelength.
The two laser cavities were ignited with a time delay of 10 us, resulting pairs of images. LaVision DaVis
v7.2 software was used to compute flow fields from these pairs of images by multipass correlation. An
interrogation window of 64 x 64 pixels is first considered, and then reduced to 12 x 12 pixels with an overlap
of 50%. A dataset consists of 5540 pairs of images at a repetition rate of 6.2 kHz, during a time period of
0.89 s. A total of 10 datasets were recorded during the experimental campaign.

III. Results and discussion

III.A. Wavenumber-frequency spectra

Cross-spectra and wavevector-frequency spectra were extracted from the rotating antenna signals using the
method described in section II.B. In this section, interest is focused on the zpgd5 and fpg32 cases (see
Table 1) for the same reduced frequency wd;/Us = 0.5. This frequency corresponds to the maximum of
energy measured in the point spectra.?* . Two examples of two-dimensional cross-spectral densities R(&)
are represented in Fig. 5. In these figures, black dots represent the cross-spectral quantity R(£) at each of
the 855 x 64 calculation points (see section II.B). Red dots were used to highlight the cross-spectrum in the
streamwise direction, whereas blue dots were used for the spanwise direction. The loss of coherence in the
spanwise direction is faster than in the streamwise direction. Following Corcos,'? the decay can be described
with an excellent agreement by an exponential profile. In a previous study,?* empirical expressions for the
coherence length were proposed and tabulated with respect to the pressure gradient.

10~ 10~

60 60
§2/01 €1/61 §2/61 & /6

Figure 5. Two-dimensional cross-spectral density R(£,w) X Uoo/(Tw?81) for wdi/Uss = 0.5. At left: zpgd5 case. At right:
fpg32 case.
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The corresponding wavevector-frequency spectra, obtained from a spatial Fourier transform of the cross-
spectra are plotted in Fig. 6. The incompressible contribution to wall-pressure fluctuations is clearly visible
around the convective wavenumber k1 = k. = w/U., with an elongated shape in the ks direction. The
dissymmetry of the convective ridge in the k; direction is also apparent. Compared to the zero-pressure-
gradient case, the convective ridge of the favourable-pressure-gradient case is smaller in the k; direction.
This is coherent with the two-dimensional cross-spectra shown in Fig. 5, where the wall-pressure field was
found more coherent in the k; direction in the fpg32 case than in the zpg4h case. This is also an indication of
a streamwise elongation of the turbulent structures in the boundary layer submitted to a favourable pressure
gradient. On the colormaps, an acoustic component is also identified in the low wavenumbers region. The
relative contribution of the compressible part is higher in the fpg case than in the zpg case, of the order of
1%. The proper extraction of the acoustic part is currently examined and requires further analysis.

2 ' 2
1.5} ] 1.5} : ‘ ]
1t . 1} .
0.5 1 0.5 1
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Figure 6. Two-dimensional wavenumber-frequency spectra ®,,(k,w) X Uoo/(‘rw2513) for wéy/Us = 0.5. At left: zpg4d5
case. At right: fpg32 case.

ITI.B. Particle image velocimetry snapshots

Three successive examples of PIV snapshots are reported in Fig.7. Following previous work,! these snapshots
have been obtained by substracting from the instantaneous velocity field u(x1,z3) a fraction of the free-
stream velocity, here 0.85U,. This procedure reveals vortices travelling in the boundary layer at the
specified convection velocity. Moreover, these snapshots have been colored by the vorticity magnitude |ws]
to make easier the visual identification of turbulent structures. In order to obtain clean vorticity maps, the
two-dimensional Fourier transform was computed for each velocity field, and a gaussian low-pass filter was
applied. The filter width was set to 2 x 10® rad/m in order to remove the smallest structures. Finally, the
two-dimensional inverse Fourier transform was computed, and the vorticity maps were finally computed from
the filtered velocity fields.

Using a convection velocity of 0.85 U, reveals the structure of the boundary layer at a height of about
500 < x3™ < 1000. In this region, a typical turbulent eddie will have a diameter of about 200". The field
of vorticity is well related to rotational structures made apparent by this Galilean decomposition. Similarly
to Adrian,! large hairpin vortices are observed in the boundary layer (see for example Fig.7, third snapshot,
around 1T = 1600, x5 = 600), at local maxima of vorticity.
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Figure 7. Three successive snapshots of the velocity field u(z1,z3) — U, with U, = 0.85Ux,
|wz2| (161 ps between two successive snapshots).
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III.C. Wall-pressure — velocity correlations

A 1/8 inch Briiel & Kjeer type 4138 microphone has been used to measure pressure-velocity correlations.
The sensing area of the microphone has been reduced by fitting it with a pinhole mask made of a perforated
cap. The diameter of the pinhole is about d, ~ 0.5 mm. A Streamline anemometer combined with a Dantec
55P01 hot-wire operating in constant voltage mode provides the streamwise velocity. The probe is located
above the pinhole microphone, as shown in Figure 8, and can be moved from x5 = 0.1 mm to a distance
x3 = 12 cm from the wall. The displacement of the hot-wire probe is performed using a motorized device.

Z3

U hot-wire

— anemometer

T

microphone behind
a pinhole cap

Figure 8. On the left, sketch of the experimental setp-up. On the right, picture of the hot wire anemometer just above
the pinhole microphone.

The cross-spectral density between the fluctuating wall pressure p(xs = 0,t) and the streamwise velocity
uy (w3, t) is defined by
. 2
Rpui(23,0) = lim —=E[p(w) (xs,w)]

where E denotes the expected value, and T is the time length of signals. This cross spectrum is normalized
as a coherence function denoted +, ., , given by

— |Rp,u1 ($37w)|2
o (33,0) = \/sppwsulm(xa,w)

where Spp(w) = Ry p(w) and Sy, u, (T3, w) = Ry, u, (T3,w) are the pressure and velocity spectra, respectively.
Pressure and velocity signals are simultaneously recorded at a sampling frequency of 100 kHz during a length
time Ty = 90 s. The periodogram method is performed for the averaging of the spectral quantities, using 360
time blocks of length 7' = 250 ms, with no overlap. Low frequencies, namely below 100 Hz, are disregarded
in what follows.

As an illustration, the coherence function 7, ., normalized by inner variables, is plotted in Figure 9 as

+* = x3u, /v and of the frequency w™ = wvr/u,?, and for the configurations

a function of the position z3
apg38, zpgdb et fpgh3. Coherence decreases with the distance x3 and the frequency for the three cases. The
maximum is of about 20% for the apg38 configuration, 24% for the zpgd5 configuration and 33% for the
fpg63 configuration. This maximum is reached for different values of the distance from the wall, z3™ = 450
for the apg38 case, 3™ = 340 for the zpgd5 and fpg63 cases, but approximately for the same frequency

wT ~0.005. The peak of coherence can be parametrized by the following empirical expression
z3t = 61" exp (w/Q) (2)

where the constant () is a function of the pressure gradient, 29 = 0.067 for the apg38 case, 2y = 0.083 for
the zpgdh case and €y = 0.091 for the fpg63 case. This expression corresponds to the white solid line in
Figure 9. The spot of maximum coherence in the region 300 < x3 < 1000 can be associated to the existence
of large-scale structures in the boundary layer (see Fig. 7).
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Figure 9. Coherence function v;,,,; between wall pressure and streamwise velocity as a function of the distance from
the wall z31 and of the frequency w'. Ten isocontours are plotted such as 0.02 < Yp,u; < 0.3. On the left, apg38 case;
on the middle, zpg45 case and on the right, fpg63 case. The white solid line corresponds to the peak of coherence
determined by Eq. (2).

IV. Concluding remarks

Wall-pressure measurements have been performed using a linear array of remote microphone probes.?4 In
this paper, wavevector-frequency spectra have been extracted using all the possible spacings between probes,
in order to enhance the representation of the cross-spectral components. An acoustic component and an
incompressible contribution are identified. Effects induced by the presence of a mean pressure gradient has
been highlighted. The proper extraction of the acoustic contribution is still examined and requires further
investigation. A preliminary particule image velocimetry experiment has also been performed on a wall jet
boundary layer, with similar characteristics. Large scale vortices are identified in a region where pressure—
velocity coherence is maximum. The region of maximum coherence between pressure and velocity has
been described using an empirical law, and a parametrization seems possible. Future work will focus on the
extraction of wall-pressure quantities using particule image velocimetry. The comparison of our experimental
database to numerical simulations will help the modelling of wall-pressure wavevector-frequency spectra in
the future.
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A. Nomenclature

h height of the channel
H = 61/0¢ shape factor
k wavevector (k € R?)
Pw wall pressure

10



Downloaded by Christophe Bailly on January 4, 2020 | http://arc.aiaa.org | DOI: 10.2514/6.2015-3148

qo0 = pUZ /2 dynamic pressure

Res, = U1 /v Reynolds number based on 47

Ret = u.6/v Kérmén or friction Reynolds number
r separation vector (polar coordinates)
Ryp(r,w) pressure cross spectral density

Spp(w) = Rpp(r =0,w) one-sided wall pressure spectrum

Uy inlet velocity (at 1 = 0)

Us local free-stream velocity at ziyef

U, convection velocity

Uy friction velocity

x = (x1,%2,3) Cartesian coordinates, see Fig. 1 and 3
B = (01/7w)dP,. /dxq Clauser parameter

0 boundary layer thickness

01 boundary layer displacement thickness
dg boundary layer momentum thickness
v(&,w) coherence function

ws, = wd1/Uso dimensionless angular frequency
Dpp(k,w) wavevector-frequency wall pressure spectrum
Tw = pu’ wall shear stress

I3 separation vector

The superscript + denotes a dimensionless quantity using viscous scaling, e.g. argr = x3u, /v, and * a complex
conjugate.
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