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1 Introduction

Motivated by the aircraft industry’s acute need to validate and calibrate prediction models and
advanced design tools for the cost-effective design of low-noise cabins, the CREDO project ad-
dresses a critical deficiency in the available data by developing technologically viable experi-
mental procedures and analytical tools by which the sound power entering an aircraft cabin can
be determined sufficiently quickly, accurately and with the necessary spatial resolution. Owing
to the reverberant nature of the sound field in an aircraft cabin, existing methods are categori-
cally insufficient for this task and entirely new methods shall be developed.

Two parallel approaches are pursued. In the first, the sound power entering the cabin is locally
extracted from local measurements of the total field. This approach employs a hitherto unavail-
able microphone array concept: the double layer array, together with purpose-developed process-
ing and procedural algorithms. Local measurement and processing algorithms, which require, at
most, only local acoustic characteristics for the determination of the entering power, are devel-
oped in Work Package 2. No large scale modelling of the aircraft cabin is required and as such
the development is entirely generic and may be applied in any reverberant environment. A local
approach is, for example, the determination of the accurate entering acoustic power from a single
window in flight. In the second approach, the sound power entering the cabin is determined
globally through numerical inversion of measurements throughout the entire cabin using the new
experimental tools. This will be achieved with pioneering Inverse Finite Element implementa-
tions and groundbreaking Inverse Simplified Energy Methods, developed in close connection
with novel measurement technology and algorithms, extended from the local to the global level.
Global measurement procedures and associated processing based on inverse numerical methods
are developed in Work Package 3. These procedures take into account the reflections in the air-
craft cabin by building a global experimental and numerical model of the whole or a large part of
the cabin interior and then inverting from measured sound data to the required entering sound
power. In contrast to the local, generic approach, this global approach results in models that are
specific to a particular cabin application. At all stages in the project, the interaction between lo-
cal and global approaches and between measurement and processing is exploited to maximum
innovative effect.

The successful implementation of the results of these developments is ensured by a carefully
designed validation campaign involving ground and flight tests in both aircraft and helicopter
cabins.

The project consortium is composed of: Universita Politecnica delle Marche (Coordinator),
Alenia Aeronautica, Brno University of Technology, Briel and Kjaer Bruel&Kjaer, DASSAULT
,DLR, EADS-IW DE, Ecole Central de Lyon, EUROCOPTER, Free Field Technologies, Univer-
sité de Le Mans, @edegaard & Danneskiold-Samsoe, Politecnico di Milano, Universita di Napoli
Federico 1l, AGUSTA.
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Figure 1. Work Packages flow chart

In this report, the results of the development Work Packages (WP2 and WP3), concerning the
local and global methodologies (respectively), and the application ones (WP4 and WP5), related
to the aircraft and helicopter fields, are reported.
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2 WP 2 Local measurement and processing procedure

2.1 Measurement of Entering Sound Intensity

In some cases it is important to be able to measure not only the total sound intensity on a
source surface, but also the components of that intensity due to sound radiation and due to ab-
sorption from an incident sound field. The radiated intensity is here defined as the intensity that
would be radiated under free-field conditions. On absorbing panels in an aircraft cabin the two
components may more or less cancel each other, but still it can be desirable to know the two
components, for example in connection with energy flow modelling of the cabin noise. For cabin
noise, the radiated field component is the one entering the cabin, so the associated radiated sound
intensity will be called also the Entering Intensity. Standard sound intensity measurement with
for example a two-microphone intensity probe will only provide the total intensity, i.e. the sum
of the entering and absorbed components. Also, the intensity probe measurement will be at some
distance from the source surface, while an array measurement allows back-propagation to the
source surface.

P o o
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a) Set-up in anechoic room. b) Main mapping area c) Double-layer array
Figure 1. Set-up with 5 loudspeakers in Transmission Loss facility at Dassault Aviation, France.

B&K, ODS and BUT have worked on the establishment of a method to separate the entering
from the absorbed intensity of the emitting surface. If the radiated (entering) and incident field
components are mutually incoherent, then they will contribute independently to the sound inten-
sity:

Itotal = Iradiated + Iabsorbed (1)

This assumption will hold true to a very good approximation in an aircraft cabin, if the dominat-
ing noise source is the Turbulent Boundary Layer (TBL) excitation of the fuselage. The TBL
excitation can be modelled quite well as a dense distribution of incoherent point forces acting
across the exterior surface of the aircraft. If we assume further that the absorption of sound en-
ergy from the incident field can be described to a good approximation by a position dependent
absorption coefficient, a:

Iabsorbed (r) = Ol(r) I incident (r) ’ (2)
then the absorbed intensity can be obtained from

1) an extraction of the incident field component and thus the incident intensity on the panel
surface from an array measurement of the total operational (in-flight) sound field, and

2) a separate passive (non-operational) array measurement of the surface absorption coeffi-
cient, «(r), using equation (2) with loudspeakers providing an artificial incident field.
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For the operational measurement, the total intensity is also calculated on the panel surfaces.
Once the total and the absorbed intensities are known on the surface, the entering intensity can
be obtained from equation (1). In practice, the absorption coefficient « that satisfies equation (2)
will depend on the form of the incident field, in particular if the panel/source surface is far from
locally reacting. If, however, the form of the incident field remains similar between the mea-
surement of absorption coefficient and the operational measurement, then equation (2) will prob-
ably hold quite well with the same value of « for both incident fields.

A more detailed description of the method is given in references [1] and [2], including an alter-
native method that uses surface admittance instead of absorption coefficient to characterize the
scattering of the incident field. The measurements are performed in any case with an 8x8x2 Dual
Layer Array (DLA) with 3cm pitch (Figure 1c), and the array calculations, including the separa-
tion of the incident field component from the measured total field, are performed using Statisti-
cally Optimized NAH (SONAH), which is described in more detail in reference [3]. The proto-
type implementation is based on Briiel & Kjer’s Conformal Mapping system.

Figure 1a shows a set-up with a fuselage section in Dassault’s Transmission Loss (TL) facility.
Incident fields for both the operational and the non-operational measurements were provided by
5 B&K omni-directional loudspeakers (black “cigars” in the picture). The entering (radiated)
field was created by a set of “TL loudspeakers” in the transmission room of the TL facility. The
use of the 5 B&K loudspeakers in the shown geometrical configuration for the measurement of
the absorption coefficient was motivated by numerical simulations described in reference [1].

For the measurement of the absorption coefficient, the TL loudspeakers were off while the 5
B&K loudspeakers were excited by incoherent broadband noise of equal level. Figure 2a shows a
comparison of the absorption coefficient spectrum of the homogeneous trim panel surface (see
Figure 1b) obtained from 1) the DLA measurement, and from 2) a normal incidence measure-
ment on a test sample in a plane wave tube. The DLA result is given for a single calculation po-
sition and averaged over a small area. The agreement is good, keeping in mind that the tube
measurement is for normal incidence only, while the DLA measurement has incident waves from
many directions.
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a) Absorption coefficient spectra. b) Referencel. c) Total I. d) Entering I.

Figure 2: Extraction of the Entering Intensity. Green-yellow contours: Outward intensity. Blue-red:
inward intensity. Contour interval: 2 dB. All maps show data for a single octave band with the
same threshold level.

The measured map of absorption coefficient across the panel surface was then used to extract
the Entering Intensity from a measurement where both the TL loudspeakers and the 5 B&K
loudspeakers were active. Figure 2b shows the sound intensity map on the panel measured with
the DLA system when only the TL speakers are operating — this is the reference intensity to be
extracted from the measurement with incident background noise. Figure 2¢ shows the total sound
intensity on the panel when both sets of loudspeakers are operating, i.e. with background noise.
Clearly, the power absorbed from the incident background noise is much stronger than the enter-
ing reference power, so the total intensity is dominantly negative (inward). Figure 2c shows the
extracted entering intensity, which is very similar to the reference intensity map.

5
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Better results were in general obtained with the described method based on absorption coeffi-
cient than with the method based on measurement of surface admittance. The surface admittance
method avoids the assumptions related to equations (1) and (2), but assumes instead a perfectly
locally reacting panel surface.

2.2 Local reverberant field measurement and processing algorithms
applicable at high frequencies: 3D Beamforming for trouble
shooting and quality control

At higher frequencies, where the acoustic absorption in the cabin is greater, complementary
methods based on 3D beam-forming technologies have been developed by UNIVPM. Although
these methods were well established in non-reverberant environments, their applicability in re-
verberant sound fields has been investigated and some improvements of the basic algorithm have
been studied with the aim to make the beamforming technique efficient also in this challenging
situation. The developed 3D beamforming system is based on an array of 36 microphones that is
moved in the measurement environment in several positions in order to improve the quality of
measured data, see Figure 3. This strategy allows to reduce significantly the cost of the system,
requiring a limited number of microphones. Since the acquisition should be performed in simul-
taneous sampling of all microphones signals, in order to respect phase relationships between
measured acoustic pressures, a fixed microphone is used as phase reference.
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36 microphones array Array positions (black) and location where the beamforming

output is calculated, the so-called control points (red)

Figure 3: Beamforming array and measurement positions

iverage Beamforming x Standard Deviation verage BeamForming x Standard Deviation

Beamforming antenna

Figure 4: Average Beamforming x Standard Deviation

A typical result of the 3D beamforming is shown hereafter. The technique has been applied for
the measurement of the acoustic field inside a fuselage section mock-up, the Alenia ATR42. The
following figures show the Beamforming measurements and results. The beamforming output is

6
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the acoustic power (dBW) calculated on the control points positioned on the internal surface of
the mock-up.

2.3 Coupling of scanning laser Doppler vibrometry with reverberant
acoustic field local measurements

Scanning laser Doppler vibrometry (LDV), it measuring the vibration of surfaces in the cabin,
has been used by UNIVPM in parallel with acoustic intensity measurements and exploited as
reference for coherent intensity calculation. Each scanned point is considered as a source, so as
to achieve 2-D high-resolution maps of coherent intensity. The implementation of LDV in flight
tests — in which conventional mountings would vibrate as much or more than the panels being
measured — represents a considerable step forward in the implementation of this technology.

The coherent intensity method is based on the modelling of a multiple sources system (as it can
be the reverberant environment inside an aircraft cabin), measured by means of an acoustic in-
tensity probe, as a linear, multiple input-two output problem (since the outputs are the acoustic
pressures measured by the two microphones of the probe). Solving this problem in a least-
squares sense the component of the cross-spectral density between the output and each input
source can be calculated. This component is the one that the microphones (outputs) would “hear”
if only the corresponding source (input) would be switched on and radiating the acoustic field,
not considering the complexity of the whole sound field produced by all the sources emitting
simultaneously. This allows to quantify and localize the “critical” sources [4].

In the following, the application of the laser-based coherent intensity method for the acoustic
field measurement inside the Alenia ATR42 aircraft cabin mock-up is shown [5]. The LDV and
p-p probe were mounted on the same arm of an automatic positioning system able to scan both
longitudinal (x) and angular (0) positions, see Figure 5. The fuselage section mock-up was ex-
cited via a shaker fed with white noise in the range of 0-1000 Hz. The measurement points grid
and the shaker position (yellow dot) are shown in Figure 5.
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LDV and p-p probe positions Measurement points grid and shaker posi-
tion

Figure 5: Test set-up

The measurement results, i.e. surface vibration velocity of the cabin portion measured by LDV,
normal intensity measured by the p-p probe and coherent intensity calculated by correlating the
normal intensity and the vibration velocity, are reported in Figure 6. The shaker position is well
localised only in the coherent intensity map.
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Velocity amplitude in m/s Normal Intensity in W/m? Coherent Intensity in W/m?

Figure 6: Vibration velocity, normal intensity and coherent intensity distribution maps

An alternative method for the identification of the correlation between the vibration of a panel
(namely a part of an aircraft cabin) and the sound field parameters (pressure, velocity and inten-
sity) measured at the vicinity has been developed by Politecnico di Milano. The method, appli-
cable in reverberant environments, is based on the ordinary coherence function, that describes
how two signals are linearly related. Coherence is computed between two signals that are an in-
put and an output of a generic system: in our case, the input is the vibration of the panel and the
output is the sound intensity vector. Coherence, due to its mathematical definition, can assume
any value in the range between zero and one: low coherence values can derive from uncorrelated
noise in input or output measurement, non-linear behaviour of the system, non-measured signals
input into the system or leakage errors. In the specific case of aircraft cabins, if the sound field
close to the panel only depends on the measured vibration, coherence is close to one. If one of
the previously mentioned conditions occurs, then coherence will decrease. Coherence maps can
consequently provide for useful information in the identification of hot spots on the panel that
are responsible of the noise inside the cabin.

The method validity was experimentally verified on an elastically suspended aluminium plate.
Vibration was imposed to the plate by a piezoelectric shaker. Coherence was computed between
the vibration measured by an accelerometer placed on the plate and the 3D sound intensity vector
in presence of disturbances (sound emitted by loudspeakers located close to the plate). The cohe-
rence maps were used to identify the position of the shaker.

In the next plots, arrows symbolize the direction of the acoustic energy flow close to the plate.
The color symbolize the magnitude of the sound intensity component perpendicular to the plate
or coherence value. The maps show that the coherence can help identifying the position of the
shaker, as clearly shown in the third row, since largest coherence values (green color) are always
obtained in correspondence of the excitation point.

A parallel output of the method is the coherent intensity, that is obtained by multiplying the
coherence by sound intensity. It can be noted that coherent intensity is less sensitive to distur-
bances with respect to the raw sound intensity.

Many other experiments and simulation were performed, and results showed that the coherent
intensity method allows pointing out the dependency between the panel vibration and different
parameters of the acoustic field. The method was found to be effective when the impedance of
the surface was large; limitations arose in presence of coherent disturbances and of large vibro-
acoustic interactions.
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Figure 7: Coherent intensity as a function of the level of disturbance. Sound Intensity in the fre-
guency range of 1000-2000 Hz. Stimulus and disturbances: uncorrelated Gaussian white noise.
The symbol identifies the geometric position of the piezoelectric shaker.
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2.4 Inverse methods for test-based model identification for fibrous
materials

Porous materials are widely employed for acoustical comfort design in aircraft.

Often attached to vibrating structures, porous layers provide: (i) structural damping due to a
mechanical coupling between the vibrating structure and the frame; (ii) sound absorption, sound
radiation and transmission reduction due to an acoustical coupling between the frame motion and
the saturating fluid motion. Their efficiency can thus be greatly influenced by the elastic and
damping properties of the frame. To take into account the porous behavior by the Biot-Allard
theory, the dynamic elastic constants "in vacuum” of the material have to be known.

Classical methods to measure the viscoelastic properties of the frame can be sorted in two
groups:
e the quasi-static methods neglect the inertia effects and give relevant information in the
low frequency range before the first resonance of the system (usually for f<100 Hz). A
result carried out from the compression of an elastic foam sample is shown in Figure 8
(black points).

e the dynamic methods are based on the vibration study of a porous layer, or of a struc-
ture which includes a porous layer, and give information at the resonance frequencies of
the structure. A result is given from an inverse method based on the measurement of the
radiation efficiency of a circular plate covered with the same foam layer (black dia-

mond).
Resonant method
Quasi-static method
x10° \
3r & . 1

oo
......
--------
------------------------
----------

Young moduls (Pa)
N

1 2 3

10 10 10
Frequency (Hz)

0.4

03 7
0.2 _
eeces \
tessssssassreesseest

0.1

Loss factor

Overestimation of the loss factor

.
10 10° 10°

Frequency (Hz)

Figure 8: Viscoelastic properties (Young’s modulus E, and loss factor 77, ) of polymer foam de-
termined by quasistatic method (circle) and by inversion method from radiation efficiency of a
covered circular plate.

Most of the existing methods are carried out in ambient conditions because "in vacuum™ condi-
tions lead to some experimental problems: the experimental setup is heavier, the frame of some
types of acoustical material can be destroyed, the properties of the frame can change because of

10
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the temperature decrease. Usually, the methods carried out in ambient conditions neglect the
effects of the coupling between the frame and the surrounding fluid and the material is consid-
ered "in vacuum”. However, it has been shown that the presence of air can lead to an overestima-
tion of the estimation of the frame loss factor. This is show in Fig.1 where the loss factor estima-
tion determined with the quasi-static method seems greatly overestimated.

In this work, LAUM proposed a method to extend the quasi-static measurement set-up based
on the compression of a porous sample towards medium frequencies [6], [7].

This method presented in Figure 9 avoids the effect of the surrounding fluid and extend the
frequency range of measurement : (i) the porous sample is placed in a cavity in order to avoid a
lateral airflow, (ii) a specific electrodynamic transducer has been developed to get the mechani-
cal impedance of the fibrous sample from the measurement of the electrical impedance in the
low and medium frequency range, (iii) mechanical properties of the frame are derived by inverse
method using the Biot's model. Experimental results obtained with a polymer foam show the
validity of the method for an extended frequency range from 100 Hz to 500 Hz, [7].

cavity porous sample

piston é
?
) / magnets
coil 7 /
7777
/' ferrofluid
N W L~ seal
\ / 4
., _/l'
S, NN
A, NN
G rarrs NN

displacement sensor

Figure 9: Measurement set-up

2.5 Evaluation of the p-u probe technology for local cabin measure-
ments

Traditional intensity measurement technique sometimes fails because the high pres-
sure/intensity indices of the diffuse fields require extremely well phase-matched microphones
[8]. For that reason a new probe will be used to determine the radiated sound intensity. This
probe measures the sound velocity directly across two tiny, resistive strips of platinum wires. In
combination with a small microphone this probe is called a p-u probe to indicate the two physi-
cal values, velocity (u) and pressure (p). The acoustic velocity changes the temperature distribu-
tion of both wires and due to the operation principle based on the asymmetry of the temperature
profile the probe can distinguish between positive and negative velocity directions. Therefore,
the p-u sensor is a promising tool to investigate the radiated sound power inside an aircraft cabin,
but, since now, it has been applied, in this context, only in preliminary tests. Consequently the
feasibility of sound intensity measurements under real flight conditions have been explored by
DLR.

11



CREDO — Public deliverable

In a first step of the present investigations the probe has been calibrated with a new technique.
The amplitude and phase calibration of the p-u probe is a crucial problem in the practical appli-
cation of the probe. Especially in reactive sound fields like an aircraft cabin the accurate phase
calibration in the lower frequency range is a requirement for a correct sound-intensity result. The
general problem of the p-u probe calibration is that the probe consists of two completely differ-
ent transducers, the velocity and the pressure transducer, with different amplitude and phase re-
sponses. In practical applications the velocity transducer is usually calibrated with respect to the
pressure transducer of the p-u probe. The p-u probe is exposed to a sound field with known spe-
cific acoustic impedance and by measuring the pressure fluctuations with a reference condenser
microphone the amplitude and phase of the velocity transducer of the p-u probe can be calculated
[9]. However, this procedure has its limits. The formulation of the acoustic impedance can be
very complex if the plane wave propagation is not guaranteed.

Therefore, a new technique has been developed to obtain absolute levels of the sound velocity
by means of particle image velocimetry measurements. This is a non-intrusive flow measurement
technique. Small tracer particles adverted by the flow are illuminated twice by very short pulses
of a laser light sheet defining the measurement plane. Digital optical sensors capture the light
scattered by the particles. Employing image analysis techniques instantaneous velocity vector
fields are obtained in high spatial resolution [10, 11, 12, 13]. Figure 10 shows the measurement
setup of the high speed PIV measurement used in this investigation. The two-way loudspeaker is
excited with a sinusoidal signal. The laser light-sheet illuminates the near field region of the loud
speaker. The scattered light from the tracer particles is captured by the high-speed camera sys-
tem. With this state-of-the-art high speed PIV system the sound field can be sampled up to a fre-
quency of 20 kHz [14, 15]. Figure 11 (left) shows the spectral representation of the measured
sound velocity fluctuations at 250 Hz. The spectrum shows that a high dynamic range of about
70 dB can be achieved.

high-speed camera

Figure 10: Calibration measurement with a high-speed PIV system. The picture on the left shows
the sound velocity measurement with the high-speed PIV system. The high-speed cam-
era are captures the scattered light from the velocity fluctuations in the near field of the
loudspeaker. The right hand-side picture shows the p-u probe measuring the sound ve-

locity in the same near-field region.

The results obtained with this new technique have been compared with measurements per-
formed in a very large anechoic room. Figure 11 (right) compares the sensitivity results of the
present high-speed PIV measurement with results obtained with the far-field measurement in the
large anechoic room. In the frequency range between 80 Hz and 6.3 kHz both calibration meth-

12
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ods show the same results. In the very low frequencies, f< 60 Hz, the results obtained in the far-
field measurement deviate by more than AL = 5 dB from the high-speed PIV measurement re-
sults. For this frequency range the free-field condition of the anechoic room can no longer be
guaranteed. The comparison shows that it is possible to measure the particle velocity with a
high-speed PIV system in a large frequency range. Even in the low frequency range, f <50 Hz,
the high-speed PIV measurement technique shows a very high accuracy of the measured sound
velocity values.

140 - e - - ey 40 . . .
datasheet
35- : o far field
120 — v " high speed PIV
"2 30- bk : : ]
7] = 200 =20
j= > A Yo s ia
< 100| = 25 R
o - 20 : . e 7
= 80 - :
g ‘ | =15 ok £
- | I B : P
% ool | r \‘ l ‘ ‘ clie s » ’
‘s,,\, VI' | : H : H u‘
‘U‘V‘L"W/'I“Jvﬂ;v‘.‘\f | ‘ ' \ | 5- e . W ERE ER R
Mg N, il < :
40 ' ""'n".‘l"".‘*‘u e W‘H‘JL”'/ ‘4,-\““[%“" M'&')l“n"¥’!\;», ’ JI“\»‘!'JL'"""\ 0 2 3 ‘
Ly el 10 10 10
0 1000 2000 3000 4000 501 f[Hz]

f[Hz]

Figure 11: Sound velocity fluctuations measured with the high-speed PIV system in the near-field
of aloudspeaker. Left: Spectral representation of the measured sound velocity at
250 Hz. Right: Comparison between high-speed PIV and far-field measurement in a
large anechoic room. Displayed is the sensitivity [V/ms™] of a p-u probe measured with
the high-speed PIV system (+) and with the far-field procedure in a large anechoic room
(0). The blue line shows the calibration curve given by the manufacturer.

The high-speed PIV system is, as these results show, a very powerful tool to measure reliably
the particle velocity in a large frequency range and therefore provides the possibility of calibrat-
ing velocity sensors independently of the surrounding sound field. The advantages of this cali-
bration technique compared to previous ones are:

e Absolute sound velocity levels can be obtained directly from the measured data.
e Higher accuracy of the amplitude calibration in the lower frequency range.
e Independency of the sound-field, no anechoic room is required.

13
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3 WP 3 Global measurement and processing procedure

3.1 Global models and experimental procedures for aircraft cabin in
the low-medium frequency range

In the low-medium frequency range the disturbance is basically tonal, as for turbo-propeller air-
crafts. In the CREDO project the ATR 42-500 example will be considered. In this case, the rele-
vant noise disturbance is related to the propeller rotation frequency which, at cruise condi-tions,
is around 100 Hz.

The aircraft has been subjected to several treatments to reduce the noise levels inside the cabin
as the installation on the frontal section frames of Dynamic Vibration Absorbers (DVA's) oppor-
tunely tuned. So far, such tools have been positioned inside the fuselage on the basis of dynamic
analysis while now the new developed techniques and the innovative numerical models will be
used for the optimisation of the DVA positioning, having as objective function the radiated
sound power.

The ATR mock-up has been used as test bench for the application and validation of the innova-
tive experimental techniques developed in WP2 of the CREDO project. In practise the following
measurement systems have been applied: - LDV, - Coherent Intensity Method, - Beamforming, -
DLA and SONAH, - p-u probe.

As an example, the results of the DLA measurements, carried out by Bruel and Kjaer, are
shown here. The antenna (Double Layer Array) was made of two layers of 8x8 TEDS micro-
phones with a 0.03 m spacing and was moved in 6 positions slightly overlapping: 2 along the x-
direction and 3 along the z-direction in order to scan an area covering one window.

Positioning system
= |

£

Test set-up

Figure 12: DLA installation

The absorption measurement inside the cabin showed that above 250 Hz, the overall incident
and scattered intensity were almost the same, see Figure 13. Therefore the absorption is very
small and the entering intensity not very meaningful, since in this case the entering intensity is
very close to the measured total measured intensity.
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Figure 13: Scattered and Incident intensity 1/3 octave spectra

The total and entering intensity measured with the excitation given by the external loudspeak-
ers at the frequency of 160 Hz is given in Figure 14. The main contribution from the window is
evident.

Entering Iensty Caloulaion
Intensity % @ | Intensity © ®
160 ~ 160Hz 160 ~160Hz

Figurel4: Total and entering intensity (left and right plot respectively) at 160 Hz (1/3 octave).

UniNapoli has integrated the new measurements techniques with numerical methods for FE
model calibration taking advantage of higher quality of the available experimental data.

These activities started developing a 2-D FE model of a typical ATR frame introduced to per-
form first approximation studies of ATR’s mock-up dynamic behaviour. In the frequency range
of interest (ATR Blade Passing Frequency and its first harmonics), in fact, the stiffened cylinder
dynamic behaviour is mainly related to frames motion. The skin panels act like masses attached
to the frames and in first approximation it’s possible to study a single frame to analyze global
phenomena. Frequency response analyses of the frame without any device and with DVASs in-
stalled under symmetric as well as asymmetric dynamic load conditions (Figure 15) have been
performed in the frequency range 0-500 Hz.

(@) (b)

Figure 15: Asymmetric (a) and symmetric (b) load distribution in circumferential direction
15
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Results achieved for the symmetric load case with DVA tuned at 98 Hz are presented in Figure
16.
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Figure 16: Results in terms of vibration velocity index for symmetric load and DVA tuned at 98 Hz
(blue: without DVA, yellow, red, green: DVA in different configurations)

At the moment, an inverse procedure is under development, whose aim is to determine the
DVASs position starting from acoustic data.

FFT has developed an alternative inverse approach based on acoustic finite element method
and on the use of acoustic eigenmodes of a thin air volume surrounding the radiating surface, or
pellicular acoustic modes. Normal vibration velocity and surface acoustic pressure may be ex-
pressed as linear combinations of these pellicular modes, where the unknowns of the inverse
problem are the complex amplitudes of each mode. This choice of unknowns is likely to stabilize
the inverse procedure and dramatically reduces the size of the inverse problems. The choice of a
finite element method has the following benefits over a boundary element approach: ability to
include the effect of volume absorbers like seats, possibility to model non locally reacting liners
and reduced CPU time.

Pellicular basis — acceleration zone

With/without admittance

Figure 17: Unknown velocities on a subset of the cylindrical structure will be reconstructed based
on the pressure signal at a number of field points.

A first fully-functional release of the inverse model is ready and it has been used to reconstruct

the most likely velocity field on a vibrating panel using acoustic signals at a number of micro-
phones. The final aim is to integrate the results of the new array-based measurement techniques
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that will be used as input for the inverse model. The following picture document the initial

benchmark problem used.

Figure 18: The actual and reconstructed velocity profile on panel is compared above.
The inverse algorithm is functioning correctly

3.2 Global models and experimental procedures for aircraft cabin in
the medium-high frequency range

The definition of global procedures for noise sources identification in the medium-high fre-
quency range (the Speech Interference Level or SIL domain : 700-5700 Hz) has been done by
DASSAULT in collaboration with ECL. The procedure identified is hybrid since it is based on a
FEM, modelling of the direct field, and a classical MES (Simplified Energetic Method), model-

ling of the reverberated field.

The aim of Hybrid MES (HMES) is to take into account the direct field that is not precise
enough in “classical” MES. By using a FEM/MES hybrid method, the “real” direct field can be

modelled.

By the “classical” MES method the different fields (direct and reverberated) are calculated in

different ways, as shown in the following scheme.

Injected power Green function

\ 4

\4

cDinj

Complete field
W, I
Direct field .
Wdir,ldir Reverbered field

.

rev rev
W™

| Indirect sources
o

A

Concerning the “classical” MES method, the main hypothesis can be expressed as follows:
» decomposition of the field in two parts: direct and reverberated field,
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 interferences not taken into account,
 directivity of the power source assumed to be known.
These two last points are not anymore necessary with HMES, as shown in the following draw-

ing.

FEM software >
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The HMES needs a FEM software for the calculation of the injected power and a BEM soft-
ware for the calculation of the direct field. The FE model was made in COMSOL and the BEM
calculations were made with Matlab. Notice that the inverse hybrid method will not need any

FEM software.

This method has been applied to the evaluation of the acoustic emission of a fuselage-like
panel fixed between a reverberant and an anechoic room, in the DASSAULT premises. A diffuse
field is created in the reverberant room in order to excite the panel. The radiation of the panel is
measured in the anechoic room. Several acoustic environments have been created on the
radiating side in order to disturb the anechoic properties of the room and check that the
measurements methodologies are working in downgraded conditions.

The MES model used for post-processing the results includes all the elements of the experi-
mental set-up, as described in the Figure 19.

The 1235 facets of the models allow to represent the surfaces of :
e  the tested panel itself (trim panel + window(s)) ;

. the insulation materials and the insulation wall between the 2 rooms ;

e  the measurement bridge ;
e the reflectors (in the configurations where they are needed) ;

e the BK loudspeakers.

18
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B&K loud speaker

Trim panel (not measured part)
Trim panel {measurement area n® B&K loud speaker

1,2,3,4,5,6,8,9,10,11,12)

Left window —!

(measurementarean® 7) .
Insulation material

Right window
{masked)

Insulation wall
beatween the 2
acoustic chambers

B&K loud speakers
B&K loud speaker

Ground of the
measurement bridge

Figure 19: MES model of the experimental set-up (without the reflectors and the anechoic facets)

Figure 20 illustrates the results of the measurement performed at Dassault with the DLA: the
extraction of the Entering Intensity from the Total Intensity measured with the BK background
noise present. Each figure shows at the top the reference Entering Intensity measured under free-
field conditions (TL_FOP), in the middle the Total Intensity when the BK source is also active
(TL_BK_FOP) and at the bottom the Entering Intensity extracted from that measurement. The
surface absorption coefficient was calculated based on the BK_FOP measurement, i.e. with no

reflecting walls.
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Figure 20: Entering intenisty in the 1kHz octave band (left) and 2kHz octave bad (right)
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The analysis of the results aimed at showing in which conditions the inverse MES worked. The
references power flow where first estimated in the reference configurations (anechoic condi-
tions), and then in disturbed configurations.

= \Vindow (TL_FOP)

] — || == Window (TL_BK_FOP)
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Figure 21: Comparison of entering power flows identified with the measurements of the configura-
tion TL_FOP & BK_FOP (reference cases) and the measurements of the configuration TL_BK_FOP
and RF_TL_BK_FOP

Figure 21 shows a strong sensitivity of the results to the background noise created by the loud-
speakers. The accuracy of the entering power flow identified for the window and the trim panel
(TL noise) quickly decreases when the average noise level due to the speakers is higher by 10 dB
than the TL noise to identify.
We can point out several conclusions from the application of inverse MES:
o In all cases the calculated total intensities fit well the measured intensities;
¢ In the configuration we have analysed, the entering power flows are correctly identified if
the background noise is not more than 10 dB higher than the source to identify. A power
flow is identified with a very good accuracy when the associated intensity clearly
emerges from the others.
e The error due to a bad model of directivity has been quantified. This has shown the inter-
est of a MES model with experimental input, or at least realistic inputs for directivity.
e The errors due to the main experimental uncertainties (absorption, distance probe panel)
have been quantified,;
e The optimisation under constraints give more realistic results than the least mean squares
approach; a way to calculate the optimum tolerance on measurements has been shown.

3.3 Global approach for acoustic power flow analysis in helicopters

In the very complicate structure of helicopters, the derivation of the exact propagation paths is
hardly to be determined. The main gear box is mounted on the primary structure represented by a
flat metal structure. The gearbox is connected to the cabin by gear struts. The interior panelling
is represented by sandwich panels that are softly mounted on the primary structure. Classical
methods, like Transfer Path Analysis or Panel Contribution methods, are not easy to be per-
formed and not accurate.
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Given this situation, global inverse procedures in combination with the DLA-NAH techniques
have been used as comprising technique for determining the nature of sound propagation into the
cabin in a very fast and effective way. In practice, the developed tools have been adapted to the
helicopter case, for which the suitability of the proposed methods (e.g. effectiveness of inversion
problem) has been verified and optimised by numerical simulation. They have been applied in
mock-up and real helicopter cabins, as the BO 108 Mock-up (see Figure 22).

EADS-IW performed a serial of elementary theoretical validations in order to replace “physical
test” results by “numerical test” ones, and to verify that the identification algorithm finds again
the data given to the “numerical test” model. Specifically, it has been intended to generate nu-
merical signal data in order to check for the peculiarities of the DLA-NAH technique and to test
if the acoustical problem is suitable for inverse techniques especially in very small helicopter
cabins. EADS-IW set up a generic BE-model for the helicopter cabin which represents a realistic
environment for helicopters. There were two types of excitation investigated: (L) a leakage
source, simulated by vibrating surface element, and (F/S) a sinusoidal mode shape of the gearbox
panel. The second is separated into a slow and a fast wavenumber test case. The fast case is
characterised by high radiation efficiency, whereas the low radiation efficiency of the slow case
generates mainly evanescent waves. In Figure 23 one typical sound field due to leakage excita-
tion can be seen.

In order to evaluate the influence of realistic perturbations on the DLA-NAH algorithm a set of
errors was introduced. Possible errors were additional sources as shown in Figure 24 and phase
and magnitude errors of the receiving microphones. The same figure shows the pressure field at
the microphone array due these interior sources. The magnitude of the interior sources was cho-
sen so that the pressure level of the interior sources has the same order of magnitude than the
pressure due to the leakage or wave field, respectively.

Figure 22: BO 108 mock-up in reverberation room
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Figure 23: Interior noise field in cabin due to point like excitation at gear panel area

In all cases the algorithms was able to reconstruct either the correct intensity or velocity field.
Even in the case of interior sources and high phase and magnitude error. Thus, from the theoreti-
cal point of view the test system seems to be a suitable approach for interior noise field charac-
terisation. In order to present some results in this report, one intensity case is given in Figure 25.
Here location and level of intensity is precisely given. In Figure 26 the theoretical input of the
velocity field excitation (lower surface) as far as the results of the reconstruction is given. Here,
amplitude and location of the velocity field are also well reconstructed.

Sound pressure due to interior sources at DLNAH grid at 1000 Hz - Re(p)/Pa

Figure 24: Location of additional sources for simulation of additional sources in phase (left) and
pressure field at DLA-NAH array due to the additional sources in the cabin
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Figure 25: Reconstructed intensity from the Figure 26: Mode shape of gearbox panel and
DLA-NAH tool from B&K result of surface velocity reconstruction from

DLA-NAH method. Test case with additional
sources and high phase an magnitude error
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4 WP4 Integration and Application to Aircraft Cabins

4.1 Evaluation of new tools in aircraft environment (in hangar, engine
run) and flight tests

This Work Package is devoted to integration and application of the developed tools in a real
FALCON cabin during ground and flight tests. Three type of tests were planned: ground test in
hangar, ground test with engine run and flight tests.

The flight tests were performed in January 2008.

The test installation is composed with :

= a double layer array (DLA) of microphones. This device includes 128 mi-
crophones and a camera destined to localize the array in 3D space. In order
to help operator to maintain DLA in appropriate location for several min-
utes, the DLA will be held with a MERLIN arm vest used for movies cam-
eras.

= 2 acquisition and conditioning units (376*342*194 mm and 10kg each)

= alaptop

= areference inertial sensor (gyro) to be installed on a rigid plate

= several fiducials used as markers for the camera o locate the DLA: for each

DLA measurement location the camera must see at least 4 fiducials. Fidu-
cials can be taped, or screwed when possible
= 3 spherical microphone beamforming array.

\ o

DLA Acquisition and conditioning unit Fiducials

Four aircraft zones were measured:
1. Cockpit
Despite of a very complex geometry, it seems possible to measure the cockpit. Some surfaces
will be simplified. Fiducials will be taped on panels. The following surfaces will be measured :
= Windshield left and right
= Front windshield : virtual surface between windshield and instrument panel
= Ceiling
= Sideledges
= feet area on right side
2. Windows
Two windows will be measured: 1 in front part of the cabin, and 1 aft. Fiducials will be located
on opposite window panels, and on ceiling.
3. Ceiling of the galley area
Between frames 9 to 14, and stringers 4 left to 4 right. Fiducials will be screwed on equipments
ports.
A typical measurement sequence is shown in Figure 27.
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Figure 28: Example of estimation of absorption and entering intensity (window)
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In Figure 28 an example of results obtained from the windows measurements are reported,
showing the very good performances of the developed system. Dassault, as end-users, was fully
satisfied about the results and the measurement procedures.

4.2 Application of inverse Global procedures to flight tests meas-
urements

The objective was to analyze the results of the flight tests by means of the global procedures
developed in WP3.

- A MES model of the cockpit has been created. It has been calibrated on in-flight pressure and
intensity measurements. The output are the entering power flows in the whole cockpit.

- The SONAH technique has been successfully applied in the cockpit also, on areas of special
interests.

Four sources have been analysed both by inverse MES and SONAH technique. We have plot-
ted the relative weight . of each one of the 4 sources:

3 (f
s =§Z ()
<)

where f, =1 kHz, f, =2 kHz and f, =4kHz.

It is interesting to see what is, for all the techniques, the relative weight of the side windshield
is almost the same. The most important problem is that the 2nd and 4th sources are inverted. This
confirms the fact that the main sources are always well identified but that the weakest ones are
difficult to classify accurately.

15%

B source 1
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60%
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Figure 32: SONAH classification of the 4 sources in SIL frequency range
9%

12%

B Source 1
B Source 2
O Source 3
63% | Sourced

Figure 29: MES classification of the 4 sources in SIL frequency range

16%

Note that these diagrams are not representative of all the entering power flows entering in the
cockpit but only the relative weights of the entering powers identified both by Dassault (inverse
MES) and B&K (SONAH).
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Comparison {DLA+SONAH} / {p-p probe + inverse MES}(Ground tests on mock-up - excita-
tion non representative of in-flight conditions)

The reference power flows estimated by SONAH and by the inverse MES technique in the
TL_FOP case (reference case only) have been compared.

—o= Window 1 (MES)
—o= Window 2 (MES)

5 dB —o= All (MES)

—O— Window 1 (SONAH)
—— Window 2 (SONAH)
—o— All (SONAH)

Entering Power (dB)

800 1000 1250 1600 2000 2500 3150 4000 5000
Frequency (Hz)

Figure 30: Ground tests on mock-up : Reference entering powers (configuration TL_FOP).

The aim is to check that there is no bias between the two methods and that the value obtained
are close. The trim panel radiates very little and the variability on the estimated values of enter-
ing power is very high as it is generally with sources of second or third order. It has not been
represented here.

Figure 30 shows a very good agreement between the two techniques for the whole entering
power and for each of the power entering by the windows. The average difference is of around
0.5 dB, and the maximum difference does not exceed 1.5 dB.

4.3 WP4 Conclusions

In conclusion an "ideal" procedure of noise sources identification in an aircraft have been de-
fined.

We consider that the two techniques are operational and given their advantages and limitation
we propose a combination of the two in order to get the information needed for a global re-
engineering of an aircraft cabin or cockpit.

Given the size of a Falcon's cabin and the high frequency assumptions of the MES model this
procedure is reliable in the octave bands 0.5, 1, 2 and 4 kHz (SIL4 domain). For the same rea-
sons in a Falcon's cockpit this procedure is reliable in the octave band 1, 2 and 4 kHz.

A lot of outputs calculated by SONAH can be used by the MES direct and inverse model (see
scheme in Figure 31): entering intensities, total intensity values, pressure values and absorption
coefficients.

Unless the two methodologies can be applied independently, it would be optimal to use them
alternatively in order to have an economic and accurate way to identify the noise sources in an
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aircraft. The Inverse MES method provides a global analysis of the noise sources with a rough
spatial accuracy, but at a low experimental cost. It also permits to calculate noise maps. Inversely
the SONAH technique is a local model that allows to focus on given areas. It provides entering
intensity with a refinement equal to the gap between the microphones. The experimental cost is
much higher than the inverse MES approach. A process coupling the two techniques has been
proposed.

Local model ; data with Global model ; quadratic
phase ; spatial defails values ; local spatial average
SONAH Inverse MES Direct MES
i absorption
iy i .
S iress:;re. 2 p* in the cavity - Locally averaged
oundaries T .
Q{ (data with Phase) Pz and total entenny intensity
E intensity at
boundaries
g p’ in the cavity
) Total intensity at
ol boundaries
= p® and total
D intensity at
oundaries
@) b dan

Figure 31: Connection between SONAH and inverse MES method
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5 WP5 - Integration and Application to Helicopter Cabins

The main tasks of this Work Package are the application of the diffuse field holography tech-
niques and inverse methods related to the small and complex helicopter cabins including mock-
up and ground tests. EADS-IW, strongly supported by ECD and AGUSTA, will lead this Work
Package.

The main aim is to identify leaks in the cabin and distinguish between airborne sound transmis-
sion and panel radiation, i.e. structure-borne or airborne and the back calculation to structural
properties from the precise sound field results.

Several main test campaigns (Task 5.1) were performed in two different cabin mock-ups. The
measurements results are processed, according to the algorithms developed in WP2 and WP3, in
order to provide detailed information on incoming, outgoing and scattered contribution to the
acoustic field over specific areas and for the whole mock-up cabin. A further assessment of the
methods was performed for specific items in a different cabin shape, structural excitation type
and main gearbox-cabin interface, with some laser vibrometer measurements performed by
AGUSTA in a A109 mock-up

The possibility of using the proposed approach to solve an inverse problem of the structural
propagation path into the cabin was also here evaluated (Task 5.2).

In addition the definition of requirements for the ground tests in real helicopter and the practi-
cal handling of the NAH method in the helicopter environment were here considered.

Ground tests have been realised at one ECD helicopter platform(Task 5.3). The main purpose
of this test session was the determination of critical path on a real helicopter structure using the
new tools, including the velocity distribution at the cabin surfaces (trim and primary) as far as
the power flow into the cabin from the gear area.

5.1 Small cabin mock-up measurements in the BO108 and A109

The application of the innovative measurement techniques (developed in WP 2 and 3) and the
suitability of their improved results for design purposes has been numerically and experimentally
investigated firstly in a very basic upstream approach in two cabin and structure mock-ups
(BO108 prototype — Figure 32 and A109 mock-up).

During the various test sessions laser vibration measurements and beamforming investigations
of the rear cabin wall and the canopy inside the cabin and of part of the external surface of the
cabin were performed by UNIVPM. @DS carried out acoustic measurements using measure-
ment technologies developed in WP2, notably the diffuse field acoustic holography using the
double layer array. In addition AGUSTA performed some laser vibrometer measurements in a
A109 mock-up [16].

The results of the laser vibration measurements on the BO108 are shown in Figure 33 (rear
cabin wall and canopy) and in Figure 34 (external surface).

Typical results of the beamforming and diffuse field acoustic holography measurements per-
formed in the BO108 are reported in Figure 35 and 36 respectively.
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Figure 32: BO108 mock-up for engine and exhaust noise simulation
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Figure 33: ODS of rear wall (left) and ceiling (right) inside the cabin

29



Gi
CREDO — Public deliverable Crro

External area ODS
Freq.

146 Hz

666 Hz

Figure 34: External surface ODSs
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Figure 35: Acoustic power distribution obtained from beamforming measurements
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80 Hz

Figure 36: Reconstructed air particle velocity distribution by using SONAH algorithm

5.2 Sound field reconstructions by global processing

This task is devoted to the analysis of the experimental results gathered in Task 5.1. The meas-
urement results will be processed according to the algorithms developed in WP2 in order to pro-
vide acoustic field synthesis data, i.e. to provide information on incoming, outgoing and scat-
tered contributions to the acoustic field over specified areas of the mock-up cabin or in the whole
cabin. In addition, the possibility of using the proposed approach to solve an inverse problem of
the structural propagation path into the cabin has been evaluated.

The beamforming measurement data have been the used as input for the inverse method de-
veloped by FFT for the reconstruction of the vibration velocity of the cabin surface. After recon-
struction of the vibrational pattern, several resonances can be retrieved within the model (see
Figure 37 and Figure 38), which are correlating the different LDV measurements.

Finally the velocity fields reconstructed by the inverse model using as inputs data measured by
the SONAH method at different frequencies are compared in Figure 39. The important amount
of microphones placed close to the walls insure a better convergence of the solution as it can
been seen from the improved accuracy of the inverse model solution.

Resonance at 100Hz Resonance at 100Hz

LDV Vibrationnal spectrum

Floor shaker

s
.\',‘
. -

Top loudspeaker

Figure 37: Reconstructed velocity field at 100 Hz
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Figure 38: Reconstructed velocity field at 150 and 250 Hz
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Figure 39: Reconstruction of the velocity field on the rear wall and ceiling
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5.3 Helicopter tests

Following the successful applicability test performed in a BO108 mockup at EADS-IW acous-
tic laboratory, the double layer array was finally tested under operational conditions during dedi-
cated helicopter ground runs. The measurements were conducted in June 2009 in Donauwdrth on
an EC145 test helicopter by a combined test crew from B&K, @DS, EADS-IW and ECD.

The helicopter cabin presents a complex, highly reverberant acoustic cavity. Conventional in-
tensity measurements cannot separate properly the incoming sound field from the reverberant
one in such a small cabin. Thus they are not suited for measurements in the cabin under opera-
tional conditions.

The developed near field acoustic holography method using a double layer array of micro-
phones permits to separate between entering acoustic intensity and reverberant contribution. Fur-
thermore the high spatial resolution of the array allows the analysis of a very broad frequency
range from 50 Hz to 5 kHz. The goal of the analysis is to obtain detailed information about noise
source locations and their individual contribution to the global sound field.

Additionally the conducted panel contribution analysis shall determine and rank the respective
contributions of defined areas to a representative position in the cabin.

The test object was an EC145 test helicopter (see Figure 40).

Figure 40: EC145 test helicopter

The acoustic and optical measurement set-up necessary for DLA measurements contained the
following equipment:
e 3 B&K data acquisition and conditioning units

e 3D Creator optical tracking system

e Double layer microphone array (DLA)

e Volume velocity source (VVS) on tripod
e Amplifier for VVS

e Laptop

The helicopter environment presented a number of unforeseen challenges for the measure-
ment crew as well as for the system. Nevertheless reasonable solutions were found to counteract
these problems so that the measurements could be reasonably continued.
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In total four runs with operational rotor were performed which allowed the measuring team to
cover most of the right half of the EC145 cabin.

The analysis of the DLA data obtained during operational measurements and the geometry
capturing yields entering intensity surface mappings as shown in Figure 41. Henceforth yellow
areas in the plots represent maximum entering intensity in the near field and thus acoustic hot-
spots. Dependent on the local situation in the cabin this technique is suited either to look for
acoustic leakages in the panelling or to localise panel related noise transmission or radiation re-
spectively.

For instance, in Figure 41 is given the entering intensity map for the dominant 2000 Hz band,
because the human perception is focused on frequencies between about 500 Hz and 4000 Hz and
therefore this range is the one mostly influencing the annoyance of passengers. Unfortunately
some gearbox tooth meshing frequencies are situated in this very frequency range.

Figure 41: Intensity mapping at 2000Hz - view from the bottom and from the side of the cabin

Interestingly the entering intensity levels in this frequency range are not continuously spread
over the whole roof area, but appear instead as very intensive peaks at some points in the ceiling.
Looking at the real installation situation we can see, that the highest levels correlate well with the
guiding rail of the sliding door and the transition of two adjacent panels in the ceiling, directly
below the gearbox. This result seems very plausible. Obviously these locations act as acoustic
leakages and consequently a further increase of just the transmission loss in the ceiling panel
would be probably without noticeable benefit for the entering intensity in this frequency band.

5.4 WP5 Conclusions

The DLA-NAH and Panel Contribution analysis are promising technologies with unique possi-
bilities for helicopter acoustics. They are conditionally applicable to helicopter ground runs but
not yet mature enough for in-flight measurements.

Their main advantages are:

o Possibility of accurate acoustic mapping of highly reverberant cabin,
e  Separation and quantification of incoming and reverberant sound contribution,

e With the optical positioning system, ability to easily capture detailed surface geometry.
Nevertheless some drawbacks have been evidenced:

e Long duration of acoustic surface scan (some hours with turning rotor),
e Hand held scanning by standing person difficult during flight,
e Optical positioning system quite sensitive to sun radiation and vibration.
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6 Results and Conclusions

The main scientific and technological results obtained within the CREDO project are summa-
rized below.

Double-layer Near Field Acoustic Holography system for detailed and accurate meas-
urements in reverberating fields, including algorithms and theoretical methods able to
separate sound power entering the cabin from the reverberating one:

This method has been used for the local determination of the local “entering” sound intensity in
a reverberant environment with a number of independent sources. This quantity can be defined in
several ways, but may broadly be interpreted as the sound intensity that would be measured lo-
cally if the environment is anechoic and there are no other independent sources. It differs from
the sound intensity measured directly in the reverberant environment, which contains contribu-
tions from the reverberant sound field as well as direct contributions from other sources. These
two fields together shall be denoted the background field. A double layer array (DLA) can be
used to decompose a sound field into two components with opposite direction of propagation.
This property may be used to separate the background contribution from the total sound field to
leave the required Entering Intensity. Essentially the DLA is placed close to the source and the
local sound field is decomposed into inward-propagating and outward-propagating components.

The DLA/SONAH system is considered to represent mature technology in terms of usability
and accuracy of results, in particular with the integration of the 3D-Creator position measure-
ment system. In general, good results have been achieved on the extraction of the entering sound
intensity. The method requires two partial measurements the first one needed to determine ab-
sorption coefficient of the source surface.

Development of concepts and methods for a full array based Panel Contribution Analysis
in reverberating conditions:

The goal in PCA is to estimate the contribution to the sound pressure at a chosen listening posi-
tion (pear) from a selected panel area.

Just like the Entering Intensity (EI) measurement, the PCA measurement requires two partial
measurements where the results of the two are combined at a grid of points on/near the panel
surfaces: - a non-operational measurement of Frequency Response Functions (FRF’s) from vol-
ume velocity Q at the listening position to the pressure (and the normal component of the particle
velocity) on the panel surface and - an operational measurement to estimate the operational nor-
mal component of particle velocity (and the operational pressure) at the same positions on the
panel surface.

The proto-type software development takes advantage of the close relationship with the El
measurement. The PCA system has been applied and successfully tested in helicopter measure-
ments.

Feasibility study for the application of p-u probe sensors to measure directly the sound
intensity entering the cabin in local and global procedures. Improvement of knowledge on
p-u sensors behaviour by analysis of detailed calibration results and accurate comparisons
with other measurement techniques:

The p-u probe consists of two different sensors. The double hot-wire element measures the
sound velocity (u) and a small electret microphone measures the sound pressure (p) at approx-
imately the same position. In literature the hot-wire sensor is called Microflown probe to denote
the name of the manufacturer.

The p-u probes array has been also supplied with an automatic transverse system able to move
the array at different measurement positions to perform measurements over large areas in a scan-
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ning fashion. The system has been applied to measure the sound intensity in the twin chamber at
Dassault and in the Alenia mock-up.

Feasibility study for and adaptations of 3D beamforming to provide acceptable results in
a closed reverberating environment at medium-low frequencies. This requires the devel-
opment of new concepts for the measurement apparatus and procedure and for the
processing algorithms:

A 3D beamforming system has been developed together with an automatic positioning device
in order to move the microphones array at different positions and to cover, with a limited number
of microphones, a large volume as it can be the cabin of an aircraft or helicopter. This will re-
duce significantly the cost of the system. Obviously, the applicability of this strategy is based on
the hypothesis of stationarity of the acoustic field to be measured. If this hypothesis is satisfied,
the acoustic data measured at each position can be matched by using a reference microphone
fixed in space.

The beamforming outputs obtained from the data measured at the different positions can be
also averaged together. Being the noise source fixed in space and the reflections randomly dis-
tributed, the averaging process will reduce the reflections contribution to the overall result and
enhance the source one.

Feasibility study for and adaptations of scanning Laser Doppler Vibrometry to provide
acceptable results in a cabin environment (i.e. limited available space) in flight conditions
(i.e. interfering inputs due to vibration at the base):

The vibration measurements inside the aircraft cabin will allow to precisely locate structure-
borne sources and to remove them by appropriate structural modifications or by applying suita-
ble active vibration absorbers. In the last case the position of every absorber must be very pre-
cise, therefore to accurately determine the optimal locations it would be necessary to perform a
high-spatial density measurement on the cabin surface. This kind of measurements can be per-
formed with a Scanning Laser Doppler Vibrometer (SLDV), which, thanks to a scanning system,
can measure the surface vibration velocity over a dense spatial grid in a short time, depending, of
course, on the acquisition parameters (sample rate, number of samples, number of averages).

Hence, the SLDV has to be placed inside the cabin and it must perform the measurement when
the cabin is forced into vibration by controlled sources (i.e. shakers or/and loudspeakers) or by
external sources excited in operating conditions (in ground or flight tests). Consequently, the
laser head, that lean on the cabin floor, will experience the same vibration as the surface where it
has to measure, this introducing a level of uncertainty in the measurement itself. For that reason,
it has been deeply studied the dependence of the measurement uncertainty on the floor vibration
and designed a vibration isolation system to be applied if the uncertainty is unacceptable.

Development of specific Design of Experiment (DoE) procedures for cabin array-based
noise measurement in highly reverberating environment and uncertainty evaluation:

The DOE is a powerful method to forecast influencing parameters to the overall uncertainty of
different experimental or numerical procedures. Within CREDO it has been applied only on the
SONAH method but it could be worthwhile to apply it to al the techniques developed.

Performances of the B&K method for the estimation of the entering intensity were tested in
several configurations with both simulations and experiments. The design of simulated experi-
ment method applied to the entering intensity approach allowed to estimate the total intensity
measurement repeatability, reproducibility, parameters most influencing the variability of the
results, as the positioning of the antenna when hand held, uncertainty of the admittance — absorp-
tion coefficient which mainly depends on the sound field used for the acoustical surface excita-
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tion,.... In particular, the method to estimate the SONAH uncertainty gave important guidelines
to perform tests in-flight where the environmental conditions are severe.

Inverse test-based method for fibrous material characterisation with simplified experi-
mental set-up (theory and measurement apparatus):

An experimental technique able to characterize acoustic porous materials in aeronautic context
has been developed, focusing on viscoelastic parameters (Young’s modulus and loss factor) of
fibrous materials. This answers to the need of porous material characterisation for simulation
purpose.

Absorption and transmission measurements involving a foam and fibrous materials have been
performed. It is shown that fibrous materials are very efficient.

Being classical methods for determining absorption and transmission loss based on measure-
ment in anechoic chamber are very costly, a lower cost experimental set-up suitable for all mate-
rials including fibrous materials in the longitudinal direction, has been designed. The proposed
method is based on the compression of a porous sample, as in quasi-static measurements, but
putting the sample in cavity to minimize the influence of the surrounding fluid. Effect of the
fluid inside the cavity has been investigated numerically.

Development, implementation and verification of new alternative inverse FEM for low-
medium frequency range for global model of the acoustic power inside a closed reverberat-
ing space (i.e. a the cabin). This approach is mainly based on the innovative method of the
pellicular modes:

A fully-functional software product embedding the SHAMPOOING (Software for Harmonic
Acoustic Modelling Providing Optimal Output Information on Noise Generation) methodology
has been developed.

The applied method is an alternative inverse approach based on the use of acoustic eigenmodes
of a thin air volume surrounding the radiating surface. The approach is based on a hierarchical
description of the source in terms of pellicular acoustic modes i.e. acoustic modes of an infinitely
thin cavity covering the radiating panels. These pellicular modes have no direct physical mean-
ing but constitute a generic, easy to produce, hierarchical orthogonal basis in which surface un-
knowns can be decomposed. This is the first time that the solution is sought in terms of pellicular
modes. Normal vibration velocity and surface acoustic pressure may be expressed as linear com-
binations of these pellicular modes, where the unknowns of the inverse problem are the complex
amplitudes of each mode. This choice of unknowns is likely to stabilize the inverse procedure
and avoid over-spilling phenomena. It also dramatically reduces the size of the inverse problems.

The technique has been validated by numerical simulations (producing pseudo-measurements
at microphones in the vicinity of a radiating structure, extracting the above eigenmodes, solving
the inverse problem, measuring the robustness of the procedure by adding some extra noise to
pseudo- measurements, etc.) and then applied to real test benches as for the calculation of the
acoustic power inside the EADS-IW BO108 helicopter mock-up.

Development, implementation and verification of energetic inverse methods (MES) for
medium-high frequency range for global model of the acoustic power inside a closed rever-
berating space (i.e. a the cabin):

The noise in aircraft cabins involving medium and high frequency acoustic waves, finite ele-
ment method (FEM) or boundary element method (BEM) becomes less practical because of the
time consuming on modeling and the fine mesh density fitting the very short wavelength. The
classic energy method like SEA can only provide a global evaluation of response of the acoustic
cavity. Therefore, the Simplified Energetic Method (Méthode Energetique Simplifiée MES) has
been developed to deal with the vibroacoustics problems at medium and high frequency by

37



CREDO — Public deliverable

means of an analysis of wave propagation in homogeneous media. This approach is more accu-
rate than Statistical Energy Analysis (SEA) because it can predict an inhomogeneous sound field
(SEA predicts spatially averaged fields only). Compared with classical Finite Element Method or
Boundary Element Method, MES is an extremely low computational cost method.

MES provide two contributions to acoustic problems. First it can be used to predict acoustic
field quantities such as acoustic energy, acoustic pressures and intensities; secondly the inverse
MES is used to identify the acoustic source(s) from the measurements. In order to make easier
the application of inverse MES, an algorithm has been developed to take advantage of the direct
and inverse MES implementation.

This method starts from local energy balance and resolves an integral equation. In room acous-
tics, such an equation is then used for determining the reverberant field and the decay constants
in enclosures with diffusely reflecting boundaries.

The Inverse MES has been also improved by ECL in order to take into account the direct field
more precisely, by coupling BEM (Boundary Element Methods) and MES. The Boundary Ele-
ment Method seems to be adapted to be coupled with MES since it only needs boundary meshes.
Thus, the direct field should be evaluated using a BEM formulation.

Integration and adaptation of experimental procedures and inverse numerical tools both
at the local and global levels (e.g. MES concept modification to take into account phase dif-
ferences):

Concerning the low-medium frequency range the inverse numerical FEM method based on pel-
licular modes has been integrated to the experimental techniques output to reconstruct the veloci-
ty distribution on the vibrating panels of the Alenia ATR42 mock-up. In this case the experimen-
tal technique used to measure the model inputs is the beamforming giving the acoustic pressure
measured at different locations in the 3D volume in the cabin.

The procedure has been applied also to the EADS-IW BO108 helicopter mock-up. The inputs
for the inverse model were the geometry and the acoustic pressures measured by the B&K posi-
tioning and DLA system.

Concerning the high-medium frequency range, MES method has already been studied and it is
available in literature. The aim of ECL in CREDO project has been to develop a hybrid method
based on MES, in order to improve the direct field calculation. So far, the direct field is being
evaluated considering a lambertian directivity, which is not a correct approximation in most of
the cases. Moreover, the direct field does not take into account the correlation of the waves, as
for most of energy methods.

Procedures and tools to identify acoustical leaks in structures, with possible application to
distinguish between airborne sound transmission and structure-borne panel radiation:

The instruments developed within the project has been applied for the interior noise sources
identification and for the quantification of the noise path into the cabin. The identification of the
acoustic leakage is a main issue it requiring a method easy to use and applicable also in-flight
test, where the diffuse sound field in cabin prevents the exploitation of classical p-p probe.

In particular in the helicopter field, the acoustic leakage has been measured on ground with an
artificial noise source exciting the EADS-IW BO108 and the Agusta A109MKII mock-up.

The exterior and interior vibration of the EADS-IW BO108 has been measured by UNIVPM
using the Scanning Laser Doppler technique. The entering acoustic intensity inside the mock-up
cabin has been estimated by using Double Layer Array measurements performed by Bruel &
Kjaer/ Llyods ODS.

In conclusion the developed procedures allowed to:

* detect weak points in the sound insulation;

* determine the acoustic path from the vibration characteristics on trim and primary structure.
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In particular, it has been concluded that the DLA method is well suited to the helicopter envi-
ronment if a practical handling is designed.

6.1 Conclusions

Similar results have never been obtained with such resolution and furthermore they have never
been applied to flight tests before.

The techniques allow to identify the entering intensity into the cabin independently from the
reverberant nature of the environment. Nevertheless further developments are needed for the
optimization of cabin internal surfaces absorption in order to design optimal materials able to
absorb the entered noise.
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