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ABSTRACT

In cruise conditions, the velocity fluctuations through-
out the turbulent boundary layer induce wall-pressure fluc-
tuations on the fuselage, which contribute to a large part
of cockpit and cabin noise. Flight tests are regularly per-
formed by airplane manufacturers but the complexity and
the cost of such tests usually make it difficult to extract
detailed informations under well-controlled conditions. In
the framework of Cleansky 2 H2020 CANOBLE Project,
an experiment was conducted to analyze cockpit and cabin
noise on a full-scale fuselage of a Dassault Aviation busi-
ness jet, in an industrial-size wind tunnel. Boundary layer
profiles have been characterised by means of hot-wires. An
array of hot films was also used for the analysis of wall
shear stress. The local pressure gradients in the regions of
interest were extracted using a network of 70 static pres-
sure probes, all over the fuselage. Arrays of 128 digital
MEMS microphones, stuck onto the fuselage, served for
the measurement of the wall-pressure excitation. All these
results should contribute in the derivation and validation of
wall-pressure models.

1. INTRODUCTION

Wall-pressure fluctuations beneath turbulent boundary lay-
ers are involved in many topics : flow-induced vibration,
structural damages, air and ground transportation, subma-
rine detection, etc. This topic has therefore attracted the
attention of researchers in the last decades [1-4]. For
an aircraft in cruise conditions, the wall-pressure fluctu-
ations induced on the fuselage by the turbulent bound-
ary layer is an important contributor to cockpit and cabin
noise. In the near future, with the development of quiter
propulsion, such as ultra-high bypass ratio engines, or dis-
tributed propulsion, the relative contribution of the tur-
bulent boundary layer is expected to grow more. In the
framework of Cleansky 2 H2020 program, a project called
CANOBLE (CAbin NOise from Boundary Layer Excita-
tion) was launched with Dassault Aviation, Vibratec, the
wind-tunnel S2A, and Ecole Centrale de Lyon, to progress
towards a better understanding of the wall-pressure exci-
tation, the vibro-acoustic transmission through the fuse-
lage, and the acoustic radiation inside the cabin. With
that objective, a realistic full-scale model of the cockpit
and cabin of a business jet was designed, built, and instru-
mented to perform experiments in a large scale wind tun-
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nel. The present paper focuses on the external measure-
ments of wall-pressure excitation on the full-scale mock-

up.

2. EXPERIMENTAL SET-UP

The configuration of the present study is the fore part of a
Dassault Aviation Falcon 2000 business jet. This set-up is
around 10 m long in total. The first 6 m have been built in
true scale and in true geometry, compared to a real aircraft.
The remaining 4 m serve as a tail to streamline the rear part
of the mock-up (see Fig. 1).

Figure 1. Experimental apparatus in the S2A large-scale wind-
tunnel, with the position of instrumented modules 1, 2 and 3.

The fuselage of the aircraft was instrumented in three
different locations :

— the roof, identified as module 1
— the windscreen, identified as module 2
— the side panel, identified as

As is sketched in Fig. 2, each of the 3 instrumented
modules has been equipped with static pressure probes
to measure the pressure gradient, a thermocouple to mea-
sure the temperature, 4 hot films to extract the wall-shear
stress, an access to perform velocity profiles using a hot
wire, a flush-mounted 1/8 inch GRAS type 40DP con-
denser microphone, to serve as a reference microphone,
and 40 digital MEMS microphones mounted on a flexible
PCB. The microphones arrays are built using pairs of digi-
tal Invensense INMP621 microphones with a PDM output.
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Each array comprises 40 microphones with a non-uniform
distribution, whose signals are synchonously recorded dur-
ing 2 min at the sample rate of 50 kHz. More details about
the microphones arrays can be found in a recent paper by
some of the present authors [5]. This instrumentation was
fit flush on a 3D printed thin flare which was stuck onto the
fuselage.

flare
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Figure 2. Instrumented modules stuck onto the fuselage.

_J

The experiment was conducted in the S2A full-scale
aeroacoustic wind-tunnel, near Paris. This facility has an
open-jet wind tunnel with a cross-sectionnal area of 24 m?
and a maximum flow speed around 70 m.s 1. In this paper,
only results at 30 m.s~! are presented, additional results
can be found in a recent paper from the present authors [6].

3. RESULTS
3.1 Turbulent boundary layer characterisation

Boundary layer profiles have been estimated over 20 mea-
surement points at distances between 0.1 mm and 12 cm
away from the fuselage. For each measurement point, 20
seconds of signal are acquired at the sample rate of 102.4
kHz. Mean velocity profiles have been expressed in wall
units and plotted in figure 3. The boundary layers of mod-
ules 1 and 2 exhibit similar profiles, which is expected
for those two regions which are at relatively similar dis-
tances from the aircraft nose. The outer region of module
3 is more developed, as module 3 is located further down-
stream. Characteristic values extracted from those profiles
(boundary layer thicknesses, friction velocities, etc.) are
indicated in Table 1 together with the pressure gradient pa-
rameters extracted from the static pressure measurements.

In the log region of the velocity profiles (see Fig. 3),
longer recordings of 2 minutes have been performed at the
sample rate of 102.4 kHz so as to extract well-converged
velocity spectra. Under the Taylor assumption [7], the
one-dimensionnal spectrum of longitudinal velocity fluctu-
ations E(ln) (k1) is estimated from the experimental spec-

tra ®(11)(f) as

2

ith k=
W1 1 U1

Uy
Eliyy = 01—
an (11) 2
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Figure 3. Mean velocity profiles expressed in wall units, mea-
sured on the fuselage at 30 m.s .

Us 01 0 H Ur Re™ 8 L
(m/s) (mm) (mm) - (m/s) - x10%  (mm)
33.6 1.84 11.5 1.35  1.30 955 1.2 18.1
32.1 2.18 14.8 1.34 124 1170 -6.8 19.2
31.2 5.84 37.0 135 1.09 2620 6.4 56.3
Table 1. Boundary layer parameters, extracted from the veloc-

ity profiles of figure 3 : free-stream velocity U, displacement
thickness d1, boundary layer thickness ¢, shape factor H, friction
velocity -, Reynolds number Re® = u,§/v, pressure gradient
Clauser parameter (3, and the correlation length of longitudinal
velocity fluctuations L.

The one-dimensional spectra are then compared to the
von Karman spectrum model with a good agreement (see
Fig.4). This model can be used later in wall-pressure mod-
els with a reasonnable fidelity.
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Figure 4. One-dimensional experimental velocity fluctuations
spectra E1,, compared to the one-dimensional von Karman
model.

3.2 Wall-pressure fluctuations

Wall-pressure fluctuations are recorded using digital
MEMS microphones arrays located on each module. The
signals are split into blocs of 250 ms and the spectra and
cross-spectra are computed using the periodogram method,
with a Hann windowing and a 50% overlap between seg-

e-Forum Acusticum, December 7-11, 2020



ments. The resulting spectra appear in Figure 5. The hump,
located around wd; /Us=8, is due to the resonance of the
MEMS pressure port [6]. Because the Clauser parameter
obtained at module 1 is close to zero (see Table 1), indi-
cating a nearly zero-pressure-gradient boundary layer, the
parameters from module 1 have been chosen to feed the
Goody model proposed in Figure 5. The good agreement
obtained enables the use of a Goody model in a numerical
simulation, for instance.
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Figure 5. Wall-pressure spectra Spp, normalised by mixed vari-
ables, compared to the Goody model.

The coherence between pressure signals is then com-
puted using the cross-spectra, up to 5 kHz. The result-
ing two-dimensional coherence surface is shown at the fre-
quency of 500 Hz in Figure 6. In this figure, color blue in-
dicates a coherence close to 1, whereas color red indicates
a coherence close to zero. As was predicted by Corcos [1],
the coherence function is rapidly decreasing with the dis-
tance. The decrease rate is faster in the spanwise direc-
tion than is the streamwise direction. In order to accurately
measure this decrease, the microphone array was equipped
with two lines of microphones, spanwise and streamwise.

£1/61

£2/61

Figure 6. Coherence between microphone, obtained using the
cross-spectra measured at 500 Hz on module 3.

The two-dimensional wavenumber spectra can then be
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obtained through the spatial Fourier transform of the cross-
spectra [8,9]. The resulting two-dimensional spectrum is
presented at 500 Hz, for module 3, in figure 7. As was
obtained in other studies by some of the present authors,
the main contribution to the wall-pressure spectra is the
convective ridge associated to the hydrodynamic pressure
fluctuations in the turbulent boundary layer. This contribu-
tion is found at the convective wavenumber k. = 27 f /U,
= 144 rad.m.—1, which is consistent with the wavenumber
spectrum of Figure 7. In this example, the convection ve-
locity U, is roughly estimated at 70% of the free-stream
velocity Us,. The contribution of the lower wavenum-
bers does not appear at this frequency in this experiment,
but was documented in some other measurements with the
same apparatus [5].
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Figure 7. Two-dimensional ~wavenumber
®pp(k1, k2, w) obtained at 500 Hz from the module 3.

spectrum

4. CONCLUSION

In the framework of Cleansky 2 H2020 program, a de-
tailed wall-pressure experiment was performed on a full-
scale representative cabin and cockpit of a Dassault Avia-
tion business jet. The dedicated aerodynamic instrumenta-
tion (hot wire and hot films, static pressure ports) provided
reliable and detailed data on the structure of the boundary
layers. The velocity profiles, friction velocities, wall-shear
stresses, and correlation lengths of the velocity fluctuations
have been obtained. In particular, the velocity spectra can
be represented with a good agreement using a von Karman
model whose parameters were extracted from the experi-
ment to serve later in numerical computations. MEMS mi-
crophones arrays were used to extract wall-pressure spec-
tra, coherence, and wavenumber spectra. Some results
have not been presented in this paper, but the wall-pressure
measurements enabled the extraction of convection veloc-
ities, correlation lengths of the pressure fluctuations. The
pressure spectra can be represented by a good agreement
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using a Goody model in the region of low pressure gradi-
ent, which is convenient for engineering purposes. How-
ever, the regions of higher pressure gradients will need a
dedicated modelling, which will be the goal of future stud-
ies.
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