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1. Introduction

Originally, aircraft noise was not much of an issue because of the overarching requirement
of improving vehicle performance in critical operational conditions. For many years, the
design of aircraft and helicopter has been challenged by the need to improve aeromechanical
performance, leaving little rooms for considering additional design parameters such as noise,
vibrations and passenger comfort. More recently, a paradigm shift is being recorded that
includes vibro-acoustics comfort in the set of critical design parameters. In the particular
case of helicopters, this is mostly a consequence of a shift in the definition of the typical
helicopter mission: in the past helicopters were mainly used in military context where
flight mechanics, maneuverability and avionics are the key performance indicators; todays
a trend is visible in the related industry that targets more and more civil applications,
where the payload and environmental impact assume a much more significant role. In this
respect, vibroacoustic comfort and more in general noise performance are becoming one
of the key market differentiators: passenger comfort is included in the key performance
indicators (ref. the US101 - Marine One case). In order to cope with this new and more
stringent set of performance requirements, specific tools and techniques are required that
allow better identifying the noise sources, the mechanics of transfer from source to target
(pilot and/or passenger area) and defining an effective noise control strategy. In this scenario,
the authors want to present a modus operandi to tackle these issues by several advanced
experimental methodologies, since the requirement of a quieter helicopter needs a systematic
study of its Noise Vibration and Harshness (NVH) behaviour. This chapter collects the results
of several investigations carried out on two different helicopters: EUROCOPTER EC-135
and Agusta Westland AW-109. The proposed methodology faces these issues considering
that the noise is a result of the contribution of source(s) reaching the receiver via various
transmission paths. Therefore, in a noise control strategy , the designer should consider both
the excitation phenomena (i.e. sources) as well as the transfer functions between the source(s)
and receiver(s) (i.e. transmission paths). The sections of this chapter discuss both sources
and transmission paths. In particular, Sections 2 addresses the deep analysis of transmission
paths, taking into account the vibro-acoustic interaction that in cumbersome systems as
helicopters is of pivotal importance; Sections 2 and 3 deal with noise and vibration sources,
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while Section 5 presents a technique for gaining information about sources (operational forces)
and transmission paths in operational conditions. Eventually, Section 6 presents an original
approach based on sound synthesis allowing designers to listen and judge the sound quality
impact of structural design modifications in a process of noise control and mitigation. It is
interesting to note that although the presented methodologies concern particular helicopters,
they have a general meaning, since they can be applied in a large variety of fields, as in aircraft
fuselage, car or track interiors , etc. This work has to be intended as an analytical review of
the authors’ research (Mucchi & Vecchio, 2009; 2010; Pierro et al., 2009). Due to confidentiality
reasons, several vibro-acoustical quantities reported in this chapter are presented without
numerical values.

2. Noise control in coupled vibro-acoustical systems

Real-life enclosures, such as aircraft fuselage and car interiors, are very often characterized
by a strong fluid-structure coupling (Desmet et al., 2003; Kronast & Hildebrandt, 2000).
Therefore, the acoustical response in the cavity is related to the structural excitation and a
relation exists between the acoustical loading and the structural responses as well (Everstine,
1997; 1981). Two methods are generally used to characterize the vibro-acoustical behaviour
of such systems. In the first, the classical Experimental Modal Analysis (EMA), the
modal parameters (natural frequencies, damping factors and mode shapes) are evaluated
in laboratory, and consists in to put in vibration the system with a known excitation, out
of its normal service environment. The common practice, indeed, is to make the peaks of
the input force spectrum coincident with the valleys of the structural frequency response
functions (FRFs). However, it is not so straightforward to get these tasks for vibro-acoustical
systems because a modal analysis has a high number of theoretical and practical problems:
due to the coupling, indeed, the system matrix is nonsymmetrical, yielding different right
and left eigenvalues (but closely related). For this reason, care must be taken during the
FRFs synthesis, but it has been proven that no matter involves in the modal model derivation
itself (Wyckaert et al., 1996). The latter and more recent technique, is the Operational
Modal Analysis (OMA), which does not require the knowledge of the operating forces on
the system, but considers the assumption of white noise as input. Some investigations
have been already made on vibro-acoustical operational modal analysis (Abdelghani et al.,
1999; Hermans & Van der Auweraer, 1999), hereafter the modal decomposition in case of
vibro-acoustical operational modal analysis is reviewed, in order to point out the influence
on the modal parameter estimation of the references choice, i.e. acoustical or structural, used
for the Cross power spectra calculation. The complete knowledge of the vibro-acoustical
response of an helicopter cabin is a crucial tool for noise control purpose, and in the OMA
context, it is strongly related to the reference choice rather than the input forces. For simplicity,
only an acoustical input will be considered and the cross power between acoustical and
structural responses will be derived and compared with structural cross power responses.
The formulation in case of structural excitation can be derived in a similar way. The theoretical
results have been verified through an experimental testing on the helicopter EUROCOPTER
EC-135.

2.1 Vibro-acoustical systems

The dynamical properties of vibro-acoustical systems are presented hereafter. In particular
the transfer function considering as excitation both the acoustical loading and the structural
force and considering as response both the structural displacement and the acoustical pressure
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is derived. It is well known that due to the fluid-structure interaction such systems are
nonsymmetrical. Moreover, the FRF has a different form with respect to the decoupled
systems. It is worth to stress that the non-symmetry is due to the choice of the variables x,

p, f and
·
q, being x the structural displacement, p the sound pressure, f the structural force

and q the volume velocity. As stated above, due to the non-symmetry of the system, the right
and the left eigenvectors, Ψr and Ψl , are different. Moreover the following relations can be
proven (Ma & Hagiwara, 1991):

{

Ψsl

Ψ f l

}

λh

=

{

Ψsr
1

λ2
h

Ψ f r

}

λh

(1)

where subscript s is for the structural response location, f for the fluid (acoustical) response
location, and λh are the roots of the system characteristic equation. In particular the following
transfer functions obtained considering a structural force excitation f j at location j, have been
derived in (Wyckaert et al., 1996):
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where xm is the structural displacement at location m, pp the acoustical pressure response
inside the cavity at location p, Ph the modal scaling factors and n the number of modes in
the frequency band of interest. Similar transfer functions can be obtained considering an
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·
q at location k:
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Considering p = k and j = m the vibroacoustical reciprocity, i.e. (pk/ fm) = −
(

··
xm/

·
qk

)

, can

be derived from (3) and (4). This modal description (Eqs.2-5) can be used for the parameter
estimation (mode shapes, modal frequencies and damping factors) by means of standard
algorithms.
Operational Modal Analysis (Peeters et al., 2007) is also called output-only modal analysis,
and consists in a modal analysis without the knowledge and/or control of the input excitation.
Assuming white noise as input, it enables to estimate the modal parameters from the cross
power spectra (CPs) between the outputs and some responses chosen as references. In
practice, the main difference with respect to the classical modal analysis is that the cross
power spectra between the outputs are used to estimate the modal parameters, instead of the
genuine FRFs (ratio between the system responses and the input forces). In vibro-acoustical
systems the fluid-structure interaction yields both the acoustical and the structural outputs.
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The power spectrum of the outputs, hence, can be obtained in three different forms, i.e. with
acoustical outputs only, with structural output only and with both acoustical and structural
outputs. Moreover, the input signal, supposed to be white noise, can be either structural or
acoustical (or both of them simultaneously). In this section the results of the formulation of
the operational modal analysis for vibro-acoustical systems are reported and discussed. For
simplicity, only an acoustical input will be considered and the cross power between structural
and the acoustical responses will be shown.
Let define the cross-correlation function Rmpk (T) as the expected value E of the product of two

stationary responses xm (t) and pp (t) due to the single
·

qk acoustical input at the kth degree
of freedom (d.o.f.) evaluated at a time separation of T, i.e. Rmpk (T) = E

[

xm (t + T) pp (t)
]

.

Assuming white noise (i.e. E
[

·
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·
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= αkδ (τ − σ), with αk a constant value related to

the input and δ (t) the Dirac delta function) and performing some calculations, one obtains
the cross power spectrum between acoustical f and structural s responses:
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with:
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The unstable poles −λh and λ∗

h derive from the negative time lags of the cross-correlation
function Rmpk (T). Consequently they can be deleted by means of the weighted correlogram
approach determining the following half spectrum:

[

G f s (iω)++
]

=
n

∑
h=1

⎡

⎢

⎣

{Ψs}h

{

Q f s

}T

h

(iω − λh)
+

{Ψs}
∗
h

{

Q f s

}H

h
(

iω − λ∗
h

)

⎤

⎥

⎦
(9)

The cross power spectrum between two structural responses s is:
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Fig. 1. Measured points of the cabin external surface.
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By looking at Eqs. (6),(10) it is clear that the stable pole terms of the sum (i.e. the positive
λh and λ∗

h) refer to the same mode shapes {Ψs}h. The only differences between the two
formulations are present in the output-only reference vectors {Q}h. Moreover, rewriting Eqs.
(4) in a matrix form:
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it is evident that Eqs. (6),(10),(13), i.e. respectively the modal decompositions of OMA
with an acoustical reference, OMA with a structural reference and vibro-acoustical EMA,
depend on the same modal vector {Ψs}h and system poles λh. This means that in order to
estimate the modal parameters (i.e. natural frequency and modal damping) it is possible to
consider acoustical references instead of the structural ones as used in the common practice
of OMA. This is useful for experimental campaigns aimed to a modal analysis of high scale
vibro-acoustical structures for which it is common to take a microphone as reference inside
the cavity, near the acoustical excitation. No additional reference sensors, hence, have to
be located on the surface. In order to verify the practical effectiveness of the modal model
obtained considering an acoustical reference (Eq.(6)), an operational modal analysis on a
helicopter has been carried out, comparing the results with a classical EMA (Eq.(13)) where
the input is the measured excitation (volume acceleration source).

2.2 Experimental application

A case study has been performed employing the data acquired from a test conducted on
the helicopter EUROCOPTER EC-135. The EC-135 is a light twin-engine, multi-purpose
helicopter with up to eight seats for pilot/s and passengers. Helicopters are typical examples
of coupled vibro-acoustical systems related to a cavity environment. The experimental
tasks about these systems mainly regard noise sources identification and modal parameter
extraction. In this context, experimental and operational modal analyses are typically used to
make the spaced peaks of the input force spectrum coincident with the valleys of the structural
frequency response functions, for noise reduction purpose. These two analyses have been
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Fig. 2. First mode shape; bottom view of the helicopter cabin.

performed on the cabin external surface of the helicopter while the cavity was excited by
means of an acoustical loading. The setup and the results will be shown in the following.

2.3 Test setup

For these applications, acoustical excitation is often preferred since it is usually more
practicable than placing a shaker. Moreover, the acoustics of the cavity is excited in a direct
way and the measurements are more efficient. In this testing campaign, indeed, a low
frequency volume acceleration source (frequency range 20 − 400 Hz) has been located inside
the cabin near the pilot’s seat, exciting the structure with a random signal. A microphone near
the loudspeaker has been used as reference. The structural responses of 1158 points on the
right, left and roof part of the cabin external surface (Figure 1) have been measured through
a 4x4 PU sensors array, with a 10 cm spacing between the sensors both horizontally and
vertically. The PU probes, integrate in a unique casing a hot-wire particle velocity sensor and
a very small pressure transducer. They are, hence, specially conceived sensors for measuring
acoustic intensity. The distance between the PU probes and the surface, indeed, can be so short
that the very-near-field assumption is verified, i.e. the particle velocities simply represent the
velocities of the cabin surface (in the normal direction) (De Bree et al., 2004). This is due to the
particle velocity level, which is just slightly dependent on the distance to the object and not
on the frequency. The very-near-field is a sound field very close to a source, where the particle
velocity level is elevated compared to the sound pressure level and a phase shift between
sound pressure and particle velocity is observed. The two conditions of the very near field are
i) the measurement distance should be closer than the structural size of the object divided by
2π and ii) the wavelength of the sound should be larger than the structural size of the object.
At last, the possibility of getting with just one measurement the needed data for both a modal
analysis and an acoustic intensity calculation highlights the usefulness of these PU probes in
this field, instead of classical methods such as accelerometers and scanning laser vibrometers.
This point will be shown more in deep hereafter.

2.4 Test results

The results obtained by the two analyses, i.e. EMA and OMA, are shown in the following.
In particular the aim is to experimentally verify the effectiveness of the parameter estimation
obtained considering an acoustical reference in the OMA analysis, as theoretically predicted
through the comparison between the formulation derived in Section 2.1 (Eq.(9)) and the
vibro-acoustical EMA (Wyckaert et al., 1996) (Eq.(13)). Tab.1 lists the results in terms of
natural frequency Fn for the modes lying in the 20 − 200 Hz frequency range. In addition,
the modal assurance criterion values (MAC) between the two analyses are given in Tab.1.
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Fig. 3. Second mode shape; bottom view of the helicopter cabin.

Fig. 4. OMA – first mode shape, full spectrum; bottom view of the helicopter cabin.

Mode EMA OMA MAC ∆Fn

Fn [Hz] Fn [Hz] [%] [%]

1 45.2 45.7 36.5 1.22
2 65.4 65.5 63.7 0.21

3 85.3 84 68.6 1.5
4 98.3 98.3 74.5 0.02

5 108.6 108.8 82.5 0.21

6 123.2 124.4 76.4 0.88
7 139.2 139.1 70.1 0.11

8 167.6 168.5 69.2 0.52

9 188.0 189.5 47.4 0.78

Table 1. Comparison of modal parameters from EMA and OMA.

The agreement between the two analyses for both the frequencies and the damping ratios
is very good. In particular, a percentage difference between the frequencies, defined as
∆Fn = (|(Fn)EMA − (Fn)OMA| / (Fn)EMA) ∗ 100 , is always less than 2 %. The correlation
values between EMA-OMA listed in Tab.1 are good, except for the first mode and the last one.
For what regards this first mode, the reason could be the low excitation of the structure, in fact
around that value the loudspeaker has its low frequency limit. On the other hands, the higher
is the frequency the more it is difficult to get high correlation values, due to the higher number
of local modes. This could be the reason of the low MAC value at the last frequency listed in
Tab.1. The first 2 mode shapes obtained from the two analyses are visualized in the helicopter
model (bottom view) in Figures 2 and 3. The comparison is a further confirm of the agreement
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Fig. 5. 45.2 [Hz]: First mode shape on the left, intensity map on the right

Fig. 6. 65.4 [Hz]: Second mode shape on the left, intensity map on the right

between the two analyses. In order to check the influence of the pre-processing of the CPs on
the modal parameter estimation, an OMA analysis considering the CPs-full spectra, i.e. Eq.(6)
as input, has been made. Figure 4 shows the first mode shape in such case. A comparison
between Figure 4 (OMA full spectrum) and Figure 2 (EMA and OMA half spectrum) clearly
highlights the bad numerical conditioning influence as a result of the unstable poles which
are present in the full spectrum case. Figure 5 shows the comparison for the first mode (i.e.
45.2 Hz). The red zones indicate the maximum displacements for the mode shapes and the
hot spots calculated with the intensity maps. Figure 5 and Figure 6 confirm the good choice
of the modes. It is evident, indeed, the correspondence between the zones with high intensity
values and the zones with the highest modal displacements (circled areas).

2.5 Further discussions on vibro-acoustical coupling

It is of crucial importance, for the noise control in the cabin interior, the vibro-acoustical
coupling assessment between the cabin internal surface and the enclosure.
By means of different EMA on the helicopter, it has been shown that the cabin external surface
is coupled to the interior as well as the internal part. Moreover, the mathematical formulation
of the CPs modal decomposition in case of vibro-acoustical operational modal analysis has
been presented in the previous subsections, clarifying the influence on the modal parameter
estimation of the references choice, i.e. acoustical or structural, used for the CPs calculation.
The relevance of such analyses is pointed out through the results of four different experimental
analyses on the helicopter EUROCOPTER EC-135, i.e. an acoustical modal analysis (AMA) of
the cabin enclosure, an EMA of the cabin internal surface, an EMA and an OMA of the cabin
external surface, the latter considering a microphone inside the cabin as reference for the CPs
calculation, as explained before.
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Fig. 7. Measured points in the helicopter cavity (left) by means of microphones and on the
cabin internal surface (right) by means of accelerometers.

Mode AMA-internal part EMA-internal part EMA-external part OMA-external part
Fn [Hz] ζ% Fn [Hz] ζ% Fn [Hz] ζ% Fn [Hz] ζ%

1 46.5 2.8 46.3 2.9 45.2 1.6 45.7 2.0

2 65.1 2.1 66.5 1.9 65.4 2 65.5 1.0
3 86.1 2.9 86.4 1.9 85.3 1.6 84 0.6

4 98.1 0.4 97.5 1.2 98.3 1.4 98.3 0.9

5 109.7 1.5 110.2 1.2 108.6 1.3 108.8 1.2
6 124.4 2.6 124.3 1.1 123.3 1.3 124.4 1.6

7 139.4 2.5 136.4 1.1 139.2 1.5 139.1 1.5

8 160.8 1.1 168.9 1.4 167.6 1.1 168.5 1.1
9 175.5 6.1 188.4 0.7 188 0.6 189.5 0.8

10 189 2.7 - - - - - -

Table 2. Natural frequencies (Fn) and modal damping (ζ) for the four analyses performed on
the helicopter cabin.

Fig. 8. First mode shape; bottom view of the helicopter cabin, internal (left) and external
surface (second and third on the right).
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Fig. 9. First mode shape coloured map of the cabin external surface (left) (45.2 Hz) and the
cabin internal surface (right) (46.3 Hz)

In the helicopter internal part two measurements were carried out aiming at performing
an acoustical modal analysis of the cabin enclosure and a classical modal analysis of the
cabin internal surface. Figure 7 (left) shows the 190 points measured by means of condenser
microphones (1/2” prepolarized) inside the cavity and the acceleration of the cabin internal
surface measured by means of accelerometers (1-10kHz of frequency range) on 195 points,
in the left, right and roof part. A horizontal bar, holding five microphones spaced by 25
cm, was used to measure the acoustical responses of the enclosure. Seven measurement
planes were considered, spaced by 50 cm, while the vertical spacing between the lines was
20 cm. The accelerometers were mounted on the inside walls of the cabin, measuring only
the surface normal acceleration (Figure 7, right). The measurements on the interior of the
cabin lead to collect two set of FRFs: pure-acoustical FRFs [Pa/

(

m3/s2
)

] for the cavity and

acoustical-structural FRFs for the cabin internal surface [
(

m/s2
)

/
(

m3/s2
)

]. In Tab.2 the
results for the modes lying in the 20-200 Hz frequency range are listed for each analysis, in
terms of natural frequency Fn and modal damping ζ. A few remarks can be done about the
modal properties (Fn and ζ) obtained from the analyses. At first, the cabin external surface is
evidently acoustically coupled to the enclosure. In fact, as the first and the third columns
of Tab.2 clearly indicate, the walls of the helicopter cabin (structural parts) vibrate at the
same natural frequencies as the cabin internal cavity (fluid part). A further validation can
be obtained by a visual inspection of the maps shown in Figure 8 and Figure 9. This implies
important consequences concerning the identification of the entire coupled behaviour.
Secondly, the modal properties obtained from the OMA analysis performed by means of CPs,
i.e. the cross power spectra between the external walls response and the internal acoustical
reference, clearly confirm that an acoustical reference is enough efficient. However, once the
coupling between the cabin external surface and the cavity has been assessed, and the most
appropriate excitation method has been chosen, it is important to point out that a structural
response could be taken as reference in any case; so, in this scenario a structural point fully
coupled to the enclosure can be provided as reference, without any risk to loss coupled modes.
Obviously, this condition is not straightforward to be a-priori satisfied, and therefore it is more
clear now the convenience related to an acoustical reference, since the coupled modes will be
surely identified.
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Fig. 10. Autopower of the acoustical pressure measured by the pressure probe of a PU probe
in the internal surface of the helicopter cabin (roof) in the steady-state operational condition.

3. Noise control with vibro-acoustical signature analysis

Since the main vibration excitations on the helicopter units are mechanical and aerodynamical
(Gelman et al., 2000), the generated noise in operational conditions can be distinguished in
aerodynamic-borne and mechanic-borne noise; aerodynamical noise is not considered here,
but an exhaustive analysis can be found in (Conlisk, 2001) both from an experimental as well
as a numerical viewpoint. Mechanical noise is due to the contribution of the gearbox and to
the contribution of the jet engines. In the case of helicopter gearboxes, there is a very wide
range of shaft frequencies, and the associated meshing frequencies and bearing frequencies
cover the low-medium audio frequency range. Since the power engine of a helicopter is
characterized by high rotational speed (about 30000 RPM) the generated noise due to the
turbine and compressor blades mainly lies in the high frequency range (10-20kHz), but the
harmonics of the turbine and compressor shaft still remain in the low-medium frequency
range where the human ear is strongly sensitive. Noise control in helicopter first of all
requires a systematic study of its NVH (Noise Vibration and Harshness) behaviour, with
special attention to helicopter operational conditions. Furthermore, sound quality is of great
importance in achieving sound which is agreeable to the human ear, in fact noise annoyance
not only depends on sound exposure levels. For these reasons the authors have performed a
wide experimental vibro-acoustic campaign in a helicopter interior cabin. Substantially, the
study has two main goals: the first goal is to give a systematic methodology for defining the
NVH behaviour of an helicopter in steady-state and run up operational conditions by using
efficient and fast experimental techniques; the second goal is to evaluate the importance of the
noise contribution produced by the jet engines with respect to the gearbox.

3.1 Case history and experimental setup

The signature analyses presented in this work have been performed employing the data
acquired from experimental tests conducted on the helicopter EUROCOPTER EC-135. The
data have been acquired in operational conditions in which the helicopter was clamped on
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Fig. 11. Autopower of acoustical pressure. Zoom of Figure 10 around a meshing frequency
(from 1800Hz to 2400Hz). Meshing frequency and relative sidebands spaced at 26Hz 56Hz,
and 98Hz.

Fig. 12. Autopower of acoustical pressure. Zoom of Figure 10 around the Blade Passing
Frequency of the first stage of the compressor. BPF and relative sidebands spaced of 500Hz
(corresponding to the frequency of rotation of the compressor shaft).

the ground while the engines were limited to 60% of the maximum power and the two rotors
giving power to the main blades and to the tail blades were activated. This operational
condition can be considered representative of a possible helicopter operational condition since
we are interested in the mechanical-borne noise only and not in the aerodynamical noise. Such
tests were performed in steady-state operational conditions (constant main blade speed) and
for a run up.
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Fig. 13. Active intensity maps on the cabin internal surface at the first (a) and second (b)
harmonic of BPF of the first stage of the compressor in dB scale.

The acoustical experimental tests concern measurements in the internal surface (see Figure 7,
right) of the helicopter cabin by using the 4 × 4 PU sensor array, described in Section 2.3. The
PU sensor array was positioned close to the internal walls so the very near field assumption
is verified (De Bree et al., 2004). The active acoustic intensity is then evaluated as the real
part of the crosspower between pressure and particle velocity. The information containing
the location of the measured points (see Figure 7, right) and the active acoustic intensity data
allows a 3D representation of the intensity map as shown hereafter. Simultaneously with the
signals coming from the PU probes, the horizontal bar holding eight condenser microphones
(described in Section 2.5) was used to acquire the noise in proximity of the right and left side
of the helicopter internal cabin. Some acceleration measurements were taken too in order
to obtain the operational deflection shapes (ODS) of some panels of the cabin; in particular,
forty piezoelectric accelerometers (frequency range 1 to 10000 Hz) were positioned inside the
cabin on the roof (30 accelerometers ) and on the door panels (5 accelerometers each side),
measuring only along the perpendicular direction of the panels. The ODS analysis has been
performed in order to assess the results obtained by the PU probes.

3.2 Signature analysis in steady-state operational conditions

Hereafter the discussion concerning the steady-state operational conditions is presented.
Figure 10 shows a typical example of the autopower of the pressure probe of a PU on
the roof; two different zones can be easily distinguished: the low frequency range (0 till
about 8kHz) is dominated by the rotational frequencies, meshing frequencies and relative
harmonics concerning the gearbox (main transmission) whilst in the high frequency range
(8kHz-25kHz) the pivotal role is played by the jet engines, and the compressor in particular
(due to confidentiality reasons, the curve amplitude is represented without numerical values).
In fact, the power transmission of a helicopter is divided into two main parts: one concerning
gearing (gearbox) and one concerning the jet engines (composed of compressors, combustion
chambers and turbines). Due to the different rotational speed of the turbines and compressor
with respect to the shafts in the gearbox, the relative harmonics lie in different frequency
ranges. It is a matter of fact that the turbines and compressor rotate at about 30000 RPM
while the shaft of the main blades rotates 100 times slower (at about 350 RPM), In particular,
for the gearbox, the meshing frequencies related to the input gear, the bevel/spur gears
in some intermediate shafts, the collector gear in the pinion shaft and the spur/bevel gear
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Fig. 14. Operational deflection shapes at the first (a) and second (b) harmonic of BPF of the
first stage of the compressor obtained by acceleration measurements on the internal surface
of the helicopter cabin.

in the hydraulic pump shaft lie in the low frequency range (till 3000Hz) and their main
harmonics excite the medium frequency range (till about 8kHz). On the other hand, the
harmonics of the blade pass frequencies and vane pass frequencies of the compressor and
turbine lie in the high frequency range (10kHz-20kHz) due to the high rotational speed of
the shafts and the high number of blades. Figure 11 shows a zoom of Figure 10 in the
low frequency range; three sideband families spaced at a frequency corresponding to the
rotational speed of the three shafts involved in such a meshing appear around each meshing
frequency. Similar characteristics exhibit the harmonics related to the blade pass tones of
the compressor stages; in particular Figure 12, representing a zoom of Figure 10 around
12kHz, shows the peak related to the first stage of the compressor: it is very common in
helicopter jet engines for the first stage of the compressor to have the BPF component of high
amplitude. Furthermore, usually it is also higher than the amplitude of the harmonics related
to the turbine BPF, as confirmed in (Gelman et al., 2000). Several sidebands appear around the
blade pass frequency (BPF) as occurs around the meshing frequencies; the sidebands around
a certain main frequency specify the rotational frequency of the relative shaft and in this case
such sidebands are spaced at 500Hz corresponding to the compressor shaft rotational speed
(30000 RPM). The peak at about 25 kHz depicted in Figure 10, represents the second harmonic
of the BPF of the first compressor stage.
Figure 13 shows the intensity map obtained by means of the PU probe measurements on
the internal cabin in operational conditions at the frequency corresponding to the first and
second harmonic of the BPF of the first stage of the compressor (the dB values are omitted for
confidential reasons). The amplitude is clearly high in correspondence to the roof surface
(red color) highlighting the high level of excitation coming from the jet engine location.
An example of operational deflection shape (ODS) analysis performed by means of the
accelerometer measurements on the cabin roof and lateral doors is represented in Figure 14;
in particular the figure highlights the same behaviour as the intensity map at the frequency
corresponding to the first and second harmonic of the BPF of the compressor. In fact the
ODSs show large deflections in the roof panel at such frequencies. So, the intensity map and
the ODS analysis can be considered very useful tools for source identification and relative
quantification.
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Fig. 15. (a) Loudness Stevens 6, (b) Sharpness and (c) Roughness of the acoustic pressure in
the interior of the helicopter cabin (roof) in linear scale: original row data, data filtered with a
band-stop filter around the BPF of the compressor of Figure 12 and data filtered with a
band-stop filter around the meshing frequency of Figure 11.

Finally, by using the acoustic pressure data coming from the eight microphones, some metrics
parameters (Loudness, Roughness and Sharpness) (Zwicker, 1999) are calculated. It is well
known that Loudness is a perceptual measure of the effect of the energy content of a sound
on the human ear, Sharpness is a measure of the high frequency content of a sound - it allows
classification of sounds as shrill/sharp or dull - while Roughness (or harshness) is a quantity
associated with amplitude modulations of tones. The curves in Figure 15 show such metrics
parameters regarding the row data (solid line) and the band-stop filtered data (dotted lines);
in particular the filtered data are obtained neglecting the contribution of the first harmonic
of the BPF of the compressor and the first harmonic of a meshing frequency of the gearbox.
The curves are obtained filtering the data by a band-stop digital filter around the meshing
and blade pass frequency in Figure 11 and Figure 12, respectively. Comparing the filtered
data with respect to the row data a notable difference occurs, in particular it can be seen that
the Loudness and the Sharpness of the signal without the compressor harmonic is always the
lowest, confirming that jet engine noise plays an important role in global perceived noise.
The curves related to the Sharpness of the row data and the band-stop filtered data around
the meshing frequency are overlapped: this behaviour was expected since such a meshing
frequency lies in the low frequency range. The Roughness is obviously the same in the three
cases because the degree of modulation is the same: the band-stop filter involves only the
main frequency and not the sidebands (i.e. the modulation effect). In such a metric parameter
comparison, the first meshing harmonic of the input gear in the gearbox and the BPF of
the first compressor stage have been involved because they are representative of important
gearbox and jet engine noise phenomena.
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Fig. 16. Sharpness (a) and Roughness (b) of the acoustic pressure in the interior of the
helicopter cabin (roof) during the run up (linear scale): data filtered with an order-stop filter
around the BPF of the compressor of Figure 13 and data filtered with a order-stop filter
around the meshing frequency of Figure 12.

3.3 Signature analysis during a run-up

The run up test was performed gradually increasing the main blade speed, reaching 60% of
the maximum power after 14 seconds with the aim at performing a sound metric comparison
as performed in the steady-state condition by filtering the contribution of the compressor BPF
and the contribution of the meshing frequency of the input shaft in the gearbox, an accurate
order tracking technique is hereto essential.
The idea is to apply an order filter to the run up spectrum for deleting the contribution of
the meshing frequency of the input shaft and the contribution of the BPF of the compressor
as done in the steady-state condition. It has to be underlined that the rotational speed of
the input gear in the gearbox and the rotational speed of the compressor are different and
not proportional, due to the variable transmission ratio in between. Therefore, two different
order tracking analyses have to be performed, one tracking the signal with the RPM curve of
the input shaft and one tracking the signal with the RPM curve of the compressor shaft. Since
a tacho reference was not available, a tacholess RPM extraction method has been applied
(Mucchi & Vecchio, 2010) .Then, a few sound metrics parameters (Roughness and Sharpness)
are calculated from the filtered data and depicted in Figure 16; the Sharpness without the
contribution of the compressor order shows lower values with respect to the curve without
the contribution of the gear meshing, meaning that the compressor is responsible for the shrill
sound produced by the helicopter (see Figure 16(a)). Concerning the Roughness comparison,
it can be noted that, as in the steady-state condition, the values are similar (Figure 16(b))
because the order filter used does not reduce modulation effects in the signal.

4. Ultrasonic and acoustical intensity measurements for fast leakage spot

detection

Leakage points are possible noise sources or locations through which noise can propagate,
they are due to non-homogeneity, fractures or cavities in the material, defects during assembly
(e.g. improper alignment of the seals along the cabin doors or incorrect coupling between
cabin surfaces due to split rivets), etc. The detection of leakage points on the cabin surface is
of high interest for NVH designers and can be a useful tool for quality and noise control. In
fact, such points can cause high noise levels in the cabin since they can excite the acoustical
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Fig. 17. Leakage points (in red) on the helicopter cabin found by means of the ultrasound
technique (cabin right panels)

Fig. 18. Leakage points (in red) on the helicopter cabin found by means of the ultrasound
technique (cabin left panels).

resonances of the enclosure and determine human discomfort during flight. Commonly,
leakage point detection is performed by using an ultrasonic transmitter/receiver; in this
section, the authors present how to find leakage points by means of the acoustical intensity
analysis as an useful and precise tool for their localization and quantification.
The ultrasonic technique makes use of ultrasound transmitter/receiver and the acoustical
intensity analysis is performed by using PU probes. This second technique is performed in
operational conditions and in controlled conditions (i.e. where the excitation is measured and
applied by using a volume acceleration source). Both techniques have their advantages and
disadvantages that will be explained later on.
Ultrasonic sensors (Wallace, 1972) utilize transducers, which transform an electrical signal
into an ultrasonic wave and vice versa. Ultrasound covers a frequency range from 20kHz
to about 1 GHz, however for technical applications the range 20kHz to 10MHz is the most
important one. Ultrasound enables instruments to be non invasive and also non intrusive
because the acoustic wave can penetrate walls. Furthermore, high frequency sounds are
more directional than lower frequency ones: this makes it easier to pinpoint the source even
in the presence of other background noise. Obviously, the propagation of acoustic waves
through multi-layered structures depends on the acoustics impedance mismatch at each of
the boundaries the ultrasound has to pass, furthermore it depends on the attenuation of the
ultrasound in the different materials and finally in some cases on the relationship between the
wall thickness and the wavelength of the ultrasound waves. In particular, firstly an ultrasonic
transmitter (SDT 8MS) producing an omni-directional tonal noise at the frequency of about
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Fig. 19. Intensity map in dB of the cabin external surface at the meshing frequency of the
input gear in the gearbox.

40kHz has been used inside the helicopter cabin while the ultrasonic receiver (SDT 170) was
on the external surface of the cabin scanning the entire external cabin surface. Thus, the
location of the leakage points can be evaluated by this first simple measurement, in fact when
the receiver detects a point through which the level of ultrasonic noise exceed a threshold
level, an audio sound signal occurs highlighting a leakage point. This measurement deals
with the transmissibility of the tested surface to the ultrasonic waves. Obviously, the surface
transmissibility is increased in correspondence of fracture or in-homogeneity on the material,
malfunctioning of the seals, etc. It is important to underline that in helicopter operational
conditions, the noise comes from the exterior to the interior of the helicopter cabin, on the
contrary during this first measurement, as well as on the further measurements described
hereafter, the noise comes from the interior (by means of the ultrasonic transmitter) and
the detection is performed on the exterior. This can be considered acceptable under the
assumption that the helicopter cabin satisfying the reciprocity principle, as demonstrated
in (Pintelon & Schoukens, 2001). Furthermore, in order to localize the leakage points with
more spatial precision, a second ultrasonic measurement is carried out exciting on the internal
cabin side in correspondence of the above-detected leakage points and measuring the value
of the wave crossing the cabin panel (from the interior to the exterior) by means of the same
ultrasonic receiver. In this second test, an ultrasonic transmitter (SDT 200mW) producing a
one-directional tonal noise at the frequency of about 40kHz has been used as excitation inside
the cabin giving more accuracy in the measurement.
Figure 17 and Figure 18 show the leakage points (red dots in the figures) found by means of the
above-described ultrasound technique. These points represent locations where the ultrasound
wave can propagate from the interior to the exterior, in particular they are located on the
boundary of the doors where the seal between the door and the cabin is not so efficient from an
insulation viewpoint. The knowledge of the location of these defects is of primary importance
for the designer that has to find solutions in order to improve the cabin insulation. In fact,
the test is carried out exciting the interior of the cabin ad measuring in the exterior, but as
stated before, due to reciprocity, the same results can be obtained exciting the exterior and
measuring the ultrasound wave on the interior of the cabin. This means that such a test gives
information about the locations from which the acoustic radiation can propagate on the cabin
impoverishing the acoustic comfort of the passengers and pilots.
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Fig. 20. Intensity map in dB of the cabin internal surface at the meshing frequency of the
input gear in the gearbox

Similar results can be obtained from the intensity maps of the external surface (Figure 19,
the dB values are omitted for confidential reasons). As described in Section 1.3 such a test
is carried out exciting the cabin from the interior side with a flat broadband noise (white
noise), then the active acoustic intensity is evaluated as the real part of the crosspower between
pressure and particle velocity, being the measurements carried out by PU probes. In Section
2.4 the same measurements were used for EMA purpose obtaining the mode shapes at the
natural frequencies, here the sound intensity maps are evaluate at every frequency in the
measured frequency range. Such maps depicted at the natural frequency of the cabin are
obviously similar to the mode shapes of the cabin external surface, due to the contribution of
the particle velocity acquiring in the very near field and being representative of the structural
vibration of the panels. On the other hand, the maps depicted at frequency far from the
natural frequencies and for example corresponding to the tonal excitations of the gearbox
(e.g. meshing frequency of the collector gear in the pinion shaft, or meshing frequency related
to the input gear) highlight high intensity values in the same locations as the pictures of Figure
17 and Figure 18 shown (compare same characters on the figures). In fact the active intensity
represents the energy flow that a surface radiates and therefore is very sensible to leakage
point localization.
Figure 20 shows an example of intensity map on the internal surface obtained in operational
conditions and depicted at the frequency corresponding to the meshing frequency of the input
shaft in the gearbox. The map is able to identify the same leakage points found by the intensity
map on the external surface and by the ultrasound technique (consider the corresponding
characters in Figures 17, 18, 19). It is interesting to note that both the ultrasound techniques
and the intensity measurements are effective tools for the identification of leakage points. The
first technique is simpler to apply, the cost of the instrumentation needed is cheaper than the
second techniques, but the intensity maps gives more information than ultrasonic techniques,
in fact since they represent the active sound intensity they are effective for panel efficiency
evaluation too (Wallace, 1972). Moreover the intensity maps can be calculated on the entire
measured frequency range, allowing calculation of the energy flow dissipated by the leakage
points as a function of frequency.

5. Vibro-acoustic transfer path analysis

Noise levels recorded in helicopters’ cabin are severely affected by the strength and vicinity
of noise sources. The jet engines, the gearbox and the rotors can be considered as
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separated sources - whose spectral content is strongly tonal and RPM dependant - exciting
simultaneously the cabin’s acoustic cavity. Under the hypothesis of linear behaviour, the
total sound pressure level measurable in the cabin can be considered as the summation of
a number of partial pressure contributions, each generated by one source acting separately.
The mechanism responsible for transferring the mechanical energy from each sources to the
target location can be either structure borne - via the mechanical joints connecting the gearbox
to the helicopter’s frame - or airborne - via the sound propagation in the air. Some transfer
paths may cause interference at certain frequencies such that the observer does not notice
anything significant- until he moves position. Transfer Path Analysis (TPA) represents a
techniques used to assess the structure and air-borne energy paths among excitation source(s)
and receiver location(s) in a process of noise control. TPA has been largely applied in the
automotive industry that allows identifying the main transmission paths and their relative
contribution to the total sound pressure level at target location. From a theoretical standpoint
there is not reason why TPA should be limited to cars. An helicopter is a more complex system
then a car, but this actually implies that there may be more noise sources, hence more transfer
paths. An experimental TPA approach is hereby applied for the first time to the helicopter
Agusta A109 (Vecchio et al., 2006), to assess noise source contribution to the cabin noise
and to simulate a number of realistic noise reduction scenarios. Usually vibro-acoustic TPA
involves measurements of accelerations in operational conditions and of vibration and/or
vibro-acoustic transfer functions (TFs). The transfer functions can be measured using the most
practical approaches – either using hammer or shaker or volume acceleration source excitation
techniques. Briefly, the vibro-acoustic TPA is an analysis fully described by means of two sets
of equations 14-15:
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Ẍ1

:
:

Ẍm
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where
{

Ẍ1...Ẍm
}t

, {F1...Fn}
t, and

{

p1...pq
}t

are the acceleration, the operating force and
acoustic response vectors, respectively. Equation 14 brings into play the relation between the
operating forces transmitted along the paths and the structural accelerations caused by these
forces, while the second set of equations relates the acoustic responses, e.g. the noise inside
a cabin, and the operating forces. Hence, it is pretty clear that by exploiting the information
that the first set of equations carries it is possible to compute the acoustic responses from the
second one. Indeed, it is much easier to measure the accelerations of a structure rather than
the forces; these accelerations can then be employed in order to compute the operational forces
which substituted in the second set of equations will lead to the final result. On the left hand
side of equation 14, there are the operating forces. As it can be seen, it is necessary to invert
the matrix linking the accelerations and the forces. This constitutes the biggest computational
effort of the TPA.
In the helicopter under study, the vibro-acoustic TPA is performed considering the gearbox as
the source and the cabin cavity as the receiver location. The gearbox is connected to the cabin
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roof by means of two front struts, two rear struts and the anti-torque plate through four bolts
leading to have eight structural paths. The transfer function matrix (equation 14) has been
obtained by exciting the structure with an impact hammer and measuring the acceleration

responses. The acceleration vector of equation 14 (i.e.
{

Ẍ1...Ẍm
}t

) has been calculated
in flight operational conditions, so the operational forces can be calculated. Concerning
equation 15, the vibro-acoustic transfer functions have been obtained taking advantage of the
vibro-acoustic reciprocity (i.e. pi/Fj = −Ẍj/q̇i, where q̇i is the volume velocity at location j).
Therefore the TFs have been calculated exciting by means of two volume acceleration sources
working at different frequencies, 0 - 400 Hz and 400 - 4000 Hz, and measuring the responses
using the accelerometers located in the eight structural paths. The sources were placed in the
helicopter cabin, close to the pilot seat. Experimental data are used to implement a numerical
TPA model. The model points out the most critical transfer paths and paves the way to a
number of simulations that allows predicting the noise reduction achievable in the helicopter
cabin for a given reduction of the source strength and as result of structural modifications. The
analysis focused on the connecting points between the gearbox and the helicopters frame.
The spectral analysis of the computed operational loads combined with a spectral analysis
of the sound pressure levels measured in the helicopter mock-up cabin during simulated
operating conditions leads to the identification of a number of critical frequency tones that
show a very efficient noise transmission mechanism in the helicopter cabin. Out of a list of
critical frequencies, three main tones are hereby identified that are responsible for generating
the largest contribution to the cabin noise spectrum. These tones correspond to the rotor
shaft rotation and two of the gearbox meshing frequencies. The noise path analysis will
then focus on those frequencies only. The analysis of the operational load spectra shows
that the transmission path corresponding to the rear left and rear right struts and anti-torque
plate exhibits the highest levels and provides the major contribution to the cabin noise at
the identified critical frequencies. This means that any action aiming at reducing cabin noise
recorded at those frequencies should focus on the anti-torque plate.
Once the main noise transmission paths contributing to the cabin noise are identified for the
most critical noise frequency, the TPA model can be used to simulate the noise reduction that
can be achieved if structural modifications would be implemented on the helicopter structure
or on the gearbox in a process of noise control.
Two simulation scenarios are thus presented. One consists of introducing a modification in
the TPA models; this can be easily done by editing the FRF of a selected transmission path
and, e.g., zeroing the FRF amplitude in correspondence of the selected frequency. This is
equivalent to simulating an active noise control system that induces a modification in the
FRF of a specific transmission path. In order to select the best target frequency to be treated
by the noise reduction simulation, a simple spectral analysis is carried out that shows the
effect of zeroing the cumulatively the previously identified critical tones and compute the
noise reduction that results from that action. In Tab. 3 it is shown that suppressing the two
main gearbox meshing frequency tones for the most relevant transmission paths results into
5 dB(A) Sound Pressure Level (SPL) reduction as the SPL decreases from 111 dB(A) to 106
dB(A); yet suppressing the 5 highest tones results into 1 dB(A) more noise reduction (Tab. 3).
Therefore, noise comfort improvement can be achieved with active control systems acting on
the anti-torque plate hosting the gearbox. A second scenario consists of simulating a source
modification that results into a frequency shift of a selected critical frequency. The considered
source is the gearbox. The target frequency is again the meshing tone. This corresponds to
simulate a design modification (gear diameter, number of teeth of a number of gears, etc) in
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Suppression Suppression Shift of a
Original configuration of the 2 main of the 5 main meshing frequency

freq. tones freq. tones in the gearbox

111 dB(A) 106 dB(A) 105 dB(A) 106 dB(A)

Table 3. Noise reduction cumulative effect after modifications of the TPA model.

Fig. 21. Virtual Helicopter Sound Environment.

the gearbox resulting into a shift of the meshing frequency. The TPA model is then run again
to compute a new set of partial pressure contributions to the interior cabin noise. 5 dB(A)
reduction in the SPL can be observed.

6. Target sound design: The virtual helicopter sound environment

A sound synthesis approach was developed for helicopter noise (Vecchio et al., 2007). The
noise synthesis is based on a compact and sound-quality-accurate model which is identified
from measured noise data. A sound synthesis model consists of a number of tonal components
and third octave bands that describe the broadband noise. The ground-reflection coefficient
and the time-delay between the direct and reflected sound are also taken into account to
characterize the typical interference pattern peculiar of flyover noise. For the few aircraft
sounds studied so far, impressive synthesis results were achieved. Almost no differences
could be heard between the synthesized and measured sounds. Acoustic engineers can
easily modify model components and assess the impact on the human perception. This
way they can design target sounds with improved sound quality and suggest guidelines for
future design improvements. The sound synthesis helps better understand sound quality
differences among various types of helicopters manoeuvres and forms an excellent basis to
design target sounds with improved noise signature. A software environment (the Virtual
Helicopter Sound Environment, see Figure 21) was developed where it is possible to virtually
drive an helicopter and in the meantime, study the impact different modifications have on
the noise perception and the sound quality. The tool was first designed for interior car
sounds, but some modifications were implemented to cope with aircraft and helicopter noise.
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Some of the tool’s features are very relevant for the case under study: once the fundamental
noise components have been suitably modelled, the sound can be synthesized and replayed
according to any RPM evolution. Sound synthesis can then be recorded and stored on a
data file. The advantage of the Virtual Helicopter Sound environment is here evident: one
can easily modify model components and evaluate the impact on the human perception. A
large variety of so-called "what if" scenarios can be played. For example, what happens if the
dominant tonal components are reduced with 3 dB? Or what is the sound quality impact if the
levels of some low or high frequency third octave noise bands are changed? Or what happens
with our sensation of sharpness when the rapid amplitude variations of the high-frequency
tonal components are smoothed? By playing some of these "what if" scenarios, one can design
target sounds with improved sound quality and suggest engineering guidelines for noise
control.

7. Concluding remarks

The work contributes to define a systematic experimental procedure aimed at identifying the
noise sources, the mechanics of transfer from source to target (pilot and/or passenger area)
and defining an effective noise control strategy in helicopters. This activity has led a number
of conclusions:

1 Since the vibro-acoustical coupling between the cabin enclosure and the internal and
external surfaces, is one of the cabin interior noise responsible, its assessment is necessary
in a process of noise control;

2 Sound quality parameters and acoustics intensity analysis are effective tools for defining
the relative importance of the noise produced by the jet engines with respect to the gearbox
and for a fast and efficient localization of noise and vibration sources and leakage points
in the helicopter cabin;

3 The TPA allows pointing out a subset of critical frequency tones that are transmitted into
the helicopter cabin and a sub-set of transmission paths contributing the most to the cabin
noise. The results show that noise comfort improvement can be achieved with active
control systems acting on the anti-torque plate hosting the gearbox and with modifications
of the meshing frequency in the gearbox;

4 The sound synthesis approach can be considered as an innovative technology, allowing
engineers and designers to listen to their models and judge the sound quality impact of
structural design modifications. This way they can design target sounds with improved
sound quality and suggest guidelines for noise control.
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