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Abstract

This paper is concerned with the modeling and optimization of heterogeneous (HG) blankets, which are used in this

investigation to reduce the sound transmission through double panel systems. HG blankets consist of poro-elastic media

with small embedded masses, which act similarly to a distributed mass–spring–damper-system. HG blankets have shown

significant potential to reduce low frequency radiated sound from structures, where traditional poro-elastic materials have

little effect. A mathematical model of a double panel system with an acoustic cavity and HG blanket was developed using

impedance and mobility methods. The predicted responses of the source and the receiving panel due to a point force are

validated with experimental measurements. The presented results indicate that proper tuning of the HG blankets can result

in broadband noise reduction below 500Hz with less than 10% added mass.

r 2009 Elsevier Ltd. All rights reserved.
1. Introduction

This paper presents part of the work that has been done to develop a new passive noise control device that is
used to reduce aircraft interior noise across a broad frequency spectrum. Significant progress has been made in
the last five decades in the understanding, the prediction, and the control of interior aircraft noise [1]. There
are several methods to reduce the interior noise levels, including source reduction, active [2,3] and passive
control of the aircraft transmission paths, and active control of the sound field [4,5].

Active methods have been extensively studied and have been applied in practice in propeller driven aircraft,
[6,7] but use is limited as passive control methods are less expensive, less complicated, and do not require any
control energy.

Passive treatments used in civil aircraft can be broadly grouped into damping materials and acoustic
absorbers. Acoustic barriers are too heavy for aircraft application. The common trait of passive treatments is
ee front matter r 2009 Elsevier Ltd. All rights reserved.
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that they work well at high frequencies [8,9], while low-frequency, passive control requires heavy installations.
Damping material with different configurations can be mounted on the fuselage skin [10] as well as to frames,
stringers, [11] and the trim panels [12]. Parts of the damping material often consist of visco-elastic material
which dissipates energy in addition to adding stiffness. However, it is also known to have a limited operating
temperature range. Although the damping of visco-elastomers is high, the stiffness of the material changes
rapidly with temperature caused by both external conditions and internal heating due to energy dissipation.

Acoustic damping materials such as fiberglass or polyamide reduce the sound in enclosures by converting
the mechanical motion of the air particles into low-level heat. These acoustic blankets are limited in their
performance at low frequency by the thickness of the fuselage wall cavity as their effectiveness in controlling
low-frequency noise increases with material thickness. They are only effective at frequencies above about
500Hz [13].

One method to control low-frequency transmissions uses damped resonant devices such as Helmholtz
resonators, dynamic vibration absorbers, and tuned vibration dampers. These have been shown to provide
significant reduction at low frequencies while limiting the added mass to 10% of the untreated structure [14].
However, these are devices that must be used in addition to the traditional passive treatments used for
broadband-noise control.

From the above analysis, it is evident that an integrated passive solution that can control noise transmission
across the entire bandwidth is needed. One resonant device developed and tested for broadband control in the
last decade is the distributive vibration absorber which consists of a plate bonded to sound absorbing foam.
The resonance of the distributive vibration absorber can be tuned by varying the loading mass, or the effective
stiffness of the acoustic foam. The distributive vibration absorbers were tested on a rotorcraft fuselage. The
distributive vibration absorbers were mounted on top of cut-outs of the standard layer of porous media inside
the fuselage shell. Experimental results have shown that the distributive vibration absorbers were very effective
at reducing the vibration response at targeted resonant spikes at low frequencies [15]. Once this technology
was proven, the natural progression was to insert the masses inside the porous media instead of mounting the
distributive vibration absorber on top of the porous layer. In this way, the stiffness of the poro-elastic material
was used as spring elements of the distributive vibration absorber. This leads to the development of a
new passive control treatment for sound transmission through base structures, called a heterogeneous
(HG) blanket.

HG blankets combine two passive control mechanisms (damping and dynamic absorption) into a single
control treatment that has the potential to control a wide frequency range. The HG blanket consists of poro-
elastic media such as acoustic foam with small embedded masses, which act similarly to a distributed mass-
spring-damper system as seen in a schematic presented in Fig. 1(a). Recent experimental investigations carried
out by Kidner et al. [16] as well as numerical and experimental studies conducted by Sgard et al. [17,18]
showed that HG blankets have significant potential to reduce low-frequency, radiated sound from structures;
Fig. 1. Schematic of plate with HG blanket mounted on top (a) and schematic of damped mode split effect of the HG blanket, before

(- - - - - -) and after (——) targeting base structure mode (b).



ARTICLE IN PRESS
K. Idrisi et al. / Journal of Sound and Vibration 323 (2009) 51–66 53
traditional poro-elastic materials have little effect [8,9]. This can be accomplished without losing the good
performance at high frequencies due to the presence of porous media. Kidner also came to the conclusion that
HG blankets can be more efficient when the embedded masses are positioned to target certain modes instead
of randomly distributing the masses. In order to target a plate mode, it is necessary to ‘‘tune’’ the embedded
mass to the desired frequency as well as position it at certain anti-node lines of the mode. ‘‘Tuning’’ the mass
insertions can be achieved by varying the depth of the mass position inside the poro-elastic media or by
varying the weight and mass shape of the embedded mass [19]. Proper ‘‘tuning’’ of the masses will result into a
mode split of the targeted resonance of the base structure. Following traditional tuned-vibration absorber
theory [20], the targeted resonance peak is then split into two resultant peaks, one above and one below the
original peak. If the damping ratio is correctly designed [21,22], both resultant resonant frequencies have lower
and more damped amplitudes than the original resonance as shown schematically in Fig. 1(b). Note that one
can minimize the two ‘‘resultant’’ peaks by optimizing the damping level.

The objective here is to investigate the use of HG blankets for the control of sound transmission through
double-panel systems, and specifically this paper presents the explicit coupling equations used to predict the
response of a double-panel system with sandwiched HG blanket and air cavity. An impedance and mobility
method approach is used to couple the analytical models of the air cavity, the source (fuselage), and the
receiving (trim) panels with a finite element model of the HG blanket. An assembled matrix approach is
developed that allows a straightforward expansion of the model and solves for all velocities and forces at the
interfaces. The mathematical model of the double-panel system is experimentally validated with and without
the HG blanket. The responses of the fuselage and trim panel are plotted in terms of spatially averaged
squared velocity as well as the total acoustic power radiated from the double-panel system.

2. Mathematical model

This section presents the mathematical model used to predict the sound radiation and vibration response of
a double panel system with sandwiched HG blanket. The system investigated consists of 5 components: the
fuselage panel or fuselage, HG blanket, air cavity, the trim panel or trim, and the acoustic free field, which are
all shown in Fig. 2.

The fuselage and trim were both modeled as flat plates [23], where the plate modes from Warburton [24]
were used. The foam is modeled using poro-elastic finite elements based on fundamental fluid, structural, and
coupled fluid-structural equations given by Panneton and Atalla [17,18,25]. A mesh of 8-node brick elements
has been used. The HG blanket itself was developed adding point masses to the poro-elastic mass matrix. The
air cavity is modeled using the modes for a rectangular rigid wall volume, and the modes are given by Kinsler
and Frey [26]. The radiation into the acoustic free field is modeled as per Elliott and Johnson [27] using an
elemental radiator approach. Note that the diagonal terms lead to a singularity, but the problem can be
avoided as per Bai and Tsao [28] by changing the domain from rectangular to circular in the Rayleigh formula,
or as per Berkhoff [29] using the boundary element method.

To combine the individual models into a system, the forces and velocities at the interfaces need to be
equated. This can be achieved most effectively using the impedance and mobility method, which couples the
components together at discretized locations on the interfaces. The impedance and mobility method was
originally proposed by Firestone [30] and further developed by Gardonio and Brennan [31,32].
Fig. 2. Objects incorporated in mathematical model of the double panel system: Fuselage (1), HG blanket (2), air cavity (3), trim (4) and

interior acoustic field (5). Interfaces between objects are noted with capital letters A–E.
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Fig. 3. Schematic of: (a) point force acting off center on a fuselage with 25 output velocities at grid nodes and (b) the mesh of 5� 5 nodes

used to compare theory and experiment for the double panel system along with the position of the unit point force excitation.
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For this work, all subsystems were discretized using a 5� 5 grid as shown in Fig. 3. For a given component,
at each frequency, a mobility matrix can be formed that describes the relationship between all output velocities
and all forces in a 25� 25 matrix. The matrices describing the behavior of each component are calculated by
the aforementioned analytical and finite element models. The detailed derivation of these matrices is beyond
the scope of this paper, and can be found in the references. These matrices can then be assembled into a larger
system matrix, which is described in detail later.

For this derivation, the low frequency assumption is used, i.e. the subsystems of the double panel system are
assumed to be moving with transverse motion only, therefore moments and axial forces are neglected. Both,
the fuselage as well as the trim panel have clamped boundary conditions. In addition, it should be noted that
the panels of a civil aircraft fuselage are curved and coupled through mounts while the numerical model in this
work assumes flat panels and coupling of the fuselage and trim panel through the air cavity. This is a common
assumption widely used in literature [3,33].

2.1. System studied

The double panel system studied consists of a fuselage and a trim panel. The fuselage panel, referred to as
the ‘‘fuselage’’, can be excited by a point force. For the work presented here a unit force acting at x/Lx ¼ 0.3
and y/Ly ¼ 0.7 on the fuselage panel is used.

Fig. 2 shows the system studied in the mathematical model. The modeled objects are labeled 1–5, which are
the fuselage, HG blanket, cavity, trim and radiation field, respectively. The interfaces of this subsystem are
labeled A–E which are the input force/fuselage, fuselage/HG blanket, HG blanket/cavity, cavity/trim and
trim/radiation field interfaces, respectively.

2.2. Explicit coupling equations for the system

To couple the objects, a linear system of equations was derived using the continuity of velocity and
equilibrium of forces at all interfaces A-E. Mobility and impedance representations for each object 1-5 were
derived. The impedance and mobility matrices have three indexes. The first index stands for the object number.
The second index points out the interface at which the forces on the objects act. The third index shows at which
interface the velocities are computed. For example, at a given frequency, the complex mobility matrix M1AB

would describe the velocities at interface B due to forces acting on interface A acting through the first object (1).
Hence, M1AB is a transfer mobility matrix with the input force described by the complex vector fA and output
velocities described by a complex vector vB. Fig. 3 shows a schematic of the fuselage with the input point force
off center and the 25 output velocities that describe one column of the mobility matrix M1AB. The impedance
matrices Z are indexed analog to the mobility matrices. The coupling equations for interface B are:

vB ¼M1ABfA �M1BBfB, (1)

fB ¼ Z2BBvB þ Z2BCvC . (2)
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M1BB and fB are the mobility of the fuselage [23] (modeled using analytical plate equations) and the force acting
at the interface B, respectively. Z2BB and Z2BC (see Appendix A) are derived from the finite element model for
the HG blanket. The equations for interface C are:

fC ¼ �Z2CBvB � Z2CCvC , (3)

fC ¼ Z3CCvC � Z3CDvD. (4)

Z2CB and Z2CC (see Appendix A) are also calculated from the finite element model. Z3CC and Z3CD [26]
(calculated using the modes for a rectangular rigid wall volume) are the input and transfer impedance of the
cavity, respectively. The equations for interface D are as follows:

fD ¼ Z3DCvC � Z3DDvD, (5)

vD ¼M4DDfD �M4EDfE , (6)

with Z3DC and Z3DD [26] being the cavity transfer and output impedance, respectively. The coupling equations
for the last interface, E, are

vE ¼M4DEfD �M4EEfE , (7)

fE ¼ Z5EEvE . (8)

where the mobility matrices of the trim are M4DD, M4DE, M4ED, and M4EE. (calculated similar to the fuselage
mobility matrices) The velocity at the trim surface is then multiplied by the radiation impedance matrix Z5EE

(Eq. (8)) as per Elliott et al., Bai et al. and Berkhoff [27–29] (derived using boundary element method or
Rayleigh integral formula in the case of planar sources in a baffle) to account for radiation loading fE. It should
be noted that in practice, accelerometers were used to measure the fuselage and trim response. In order to
match theory with experiment, these accelerometers were modeled as lumped masses placed on the plates at the
nodes at which the accelerometers were positioned. The derivation of the explicit coupling matrices makes it
possible to solve for the velocities and forces at the interfaces of interests.

2.3. Assembled matrix representation

There are several potential methods to solve the above set of coupled equations, from direct algebraic
manipulation to a matrix method. Solving for each variable individually by manipulating Eqs. (1)–(8) is a
tedious process and prone to mathematical errors, so it was decided to write the linear set of coupled equations
as an assembled matrix:

M1BB I 0 0 0 0 0 0

I �Z2BB 0 �Z2BC 0 0 0 0

0 Z2CB I Z2CC 0 0 0 0

0 0 I �Z3CC Z3CD 0 0 0

0 0 0 �Z3DC Z3DD I 0 0

0 0 0 0 I �M4DD M4ED 0

0 0 0 0 0 �M4DE M4EE I

0 0 0 0 0 0 I �Z5EE

2
666666666666664

3
777777777777775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
A

fB

vB
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vC

vD

fD

fE

vE

2
666666666666664

3
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|fflfflffl{zfflfflffl}
x

¼

M1ABfA

0

0

0

0

0

0

0

2
66666666666664

3
77777777777775

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
b

, (9)

which can then be solved by inverting the matrix A as well as iteratively. Matrix A is a sparse and almost block
diagonal matrix and therefore efficiently invertible [34] as. Taking a closer look at A, one can recognize that it
consists of small sub matrices such as

�Z3CC Z3CD

�Z3DC Z3DD

" #
, (10)
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which represent the cavity in the observed case. This shows that it is very easy to add more levels of complexity
to an existing system using the matrix formulation, without needing to use algebraic manipulation.

3. Comparison between theory and experimental results

This section presents the experimental validation of a double panel system with and without the HG
blanket. Fig. 4(a) shows the schematic of the experimental setup with the two clamps (1,6) supporting the
clamped boundary conditions of the fuselage (2) and the trim (5). The HG blanket (3) is attached to the
‘‘interior’’ of the fuselage. A heavy aluminum block was used as the frame (4). Pictures of the experimental
setup in Fig. 4(b) show the accelerometer position, grid (left) and the frame (right). A roving modal hammer
excited the fuselage at all of the grid points, and transfer functions from the hammer to accelerometer were
measured. Using reciprocity, these can be viewed as a roving accelerometer and a constant position point force
excitation, which match the model.

Throughout the paper, the spatially averaged squared velocity of the fuselage Vf and trim Vt are used to
present the predicted response of the double panel system. At each frequency of interest, Vf and Vt are
calculated from 25 by 1 complex vectors of fuselage and trim velocities vf and vt:

Vf ¼
1

N
vHf vf ,

V t ¼
1

N
vHt vt (11)

These measures are directly proportional to the kinetic energy of the plates as per Gardonio and Elliott [3].
Furthermore the total sound power radiated from the double panel system with sandwiched HG blanket can be
expressed as follows:

Pt ¼
1

N
vHt Z5EEvt, (12)

where Z5EE is the radiation matrix used in Eq. (8) as per Elliott et al., Bai et al. and Berkhoff [27–29]. These
calculations can then be performed over the frequencies range of interest (0–500Hz).

3.1. Experimental validation for double panel system

This section presents the results of the experimental validation of the coupled double panel system without
the HG blanket. Table 1 lists all important properties of the double panel system with two clamped plates used
for the experimental validation of the analytical model. To match the experimental fuselage and trim panel in
the analytical model, the aspect ratio has been changed on both plates within 2–3% of the measured values,
and the damping ratio for all modes has been set to 0.006, which is typical for a clamped aluminum plate.
Fig. 4. Experimental setup: schematic (a) and pictures (b) showing the accelerometer position and 5� 5 grid (left) as well as the frame

(right).
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Fig. 5(a) shows the experimental validation of the double panel system on the fuselage side, excited at
x/Lx ¼ 0.1 and y/Ly ¼ 0.7 as shown in Fig. 3. Theory and experiment match very well and the dynamics of
the fuselage are all captured with a high level of detail. Most of the discrepancies can be explained by slight
differences in damping level between experiment and theory. For simplicity, the analytical model uses a
constant damping term for all of the modes and the damping was not changed from mode to mode. This can
be particularly seen at the third mode, around 200Hz, which is much lower in the measured spectrum than in
the model. However, the third experimental mode is an even–odd mode (2–1) [35] which does not couple very
well to the cavity and thus is not very important for sound transmission.

Fig. 5(b) presents the experimental validation of the double panel system on the receiving side, measured
at 25 points with the fuselage panel excited at acting at x/Lx ¼ 0.1 and y/Ly ¼ 0.7 as shown in Fig. 3.
Table 1

Model parameters of the double panel system with two clamped plates.

Parameter Value Units

Material properties of the fuselage

Length 0.307 m

Width 0.206 m

Thickness 0.0008 m

Density 2700 kg/m3

Modulus of elasticity 7� 1010 N/m2

Poisson’s ratio 0.3 –

Material properties of the cavity

Thickness 0.1 m

Density 1.2 kg/m3

Speed of sound 343 m/s

Damping 0.01 –

Material properties of the trim

Length 0.307 m

Width 0.206 m

Thickness 0.0012 m

Density 2700 kg/m3

Modulus of elasticity 7� 1010 N/m2

Poisson’s ratio 0.3 –

Fig. 5. Experimental validation of (a) the fuselage and (b) the trim panel of a double panel system measured at 25 points. A unit point

force was applied at a non center position on the fuselage panel. Theory (——). Experiment (- - - - - -).
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The comparison shows a good match across the frequency range of interest (50–500Hz) and should be
sufficiently accurate to capture all of the important physics concerned with sound transmission through the
double panel system. As expected, exact matching between model and experiment becomes difficult as the
system complexity increases. The discrepancies at low frequencies are a result of minor frame motions which
cause a zero in the measured response at around 40Hz. The frame in the model is assumed to be rigid but the
experimental frame, although heavy, was not perfectly attached to ground.
3.2. Experimental validation for double panel system with sandwiched HG blanket

This section presents the experimental validation for a double panel system embedded with three different
HG-blankets. The first HG-blanket (HG blanket #1) has one mass (23 g) inserted inside the poro-elastic
media, placed in the center of the plate, near the surface of the poro-elastic media to target the 1–1 mode. This
is shown in Fig. 6(a).

Fig. 6(b) shows the mass positions of the two mass inclusions, 17 and 6 g, inside HG blanket #2. The first
mass (17 g) is placed in the center of the plate, near the surface of the poro-elastic media to target the 1–1
mode. Its mass is approximately 74% of the total mass (23 g) added to the poro-elastic material, due to the fact
that the fundamental frequency is very low and the resonant frequency decreases with increasing the weight of
the mass inclusion. The mass was placed in the center because the anti-node of the 1–1 mode is in the center of
the plate. A 6 g mass was positioned at an off center position at x/Lx ¼ 0.3 and y/Ly ¼ 0.7 to target the 2–1
mode, following a similar physical principle as discussed above: the second resonant frequency of the fuselage
panel is higher than the fundamental frequency. Hence, the resonant frequency of the mass inclusion is tuned
to a higher frequency by decreasing its weight and depth inside the porous layer. An example of the resonant
frequency of the mass inclusion increasing with decreasing the depth of the mass inclusion is shown by Kidner
et al. [36]. Consideration was also given to the interaction of the second mass inclusion with the 1–2 and 2–2
modes and thus the inclusion was not placed exactly on the anti-node of the 2–1 but slightly off so that the
mass could also interact with the 1–2 and 2–2 modes.

HG blanket #3 was constructed to target the 1–1 mode with the heavy mass at the position x/Lx ¼ 0.7
and y/Ly ¼ 0.5. In addition, a second mass was placed at the position x/Lx ¼ 0.3 and y/Ly ¼ 0.5 as shown in
Fig. 6(b) to target the 1–3 mode of the fuselage panel.

Details of how the embedded masses are tuned are presented in detail in Ref. [17]. The total weight of the
embedded masses of all HG blankets presented in this paper is approximately 10% of the fuselage panel
weight. Other than the inclusion of the HG blankets, the experimental setup used for the experimental
validation of the double panel system is identical with the one used in this section. Due to the addition of the
HG blanket the cavity thickness is reduced due to the fact that the distance between fuselage and trim is kept
constant. Table 2 presents the HG blanket properties as well as the modified cavity parameters for the
experimental validation of the double panel system with HG blanket inside. The fuselage and trim parameters
are shown on the previous section in Table 1.

Fig. 7 shows the comparison of predicted (a) and measured (b) spatially averaged velocity of the double
panel system fuselage panel with and without sandwiched HG blanket #1. HG blanket #1 was designed to
target the 1–1 mode of the fuselage at approximately 130Hz. A unit point force was applied at a non-center
position, as shown in Fig. 3, at the fuselage panel to excite all plate modes. Theory and experiment show the
same trends: the mode split around 130Hz caused a significant drop in the vibration response.
Fig. 6. Mass positions of: (a) HG blanket #1, (b) HG blanket #2 and (c) HG blanket #3 used in the experimental validation of the design

tool.



ARTICLE IN PRESS

Table 2

Model parameters of HG blanket and cavity.

Parameter Value Units

Material properties of the HG blanket

Length 0.298 m

Width 0.198 m

Thickness 0.05 m

Density 50 kg/m3

Modulus of elasticity 2.2� 105 N/m2

Poisson’s ratio 0.3 –

Tortuosity 1.7 –

Flow resistivity 3.2� 104 N s/m4

Porosity 0.95 –

Atmospheric pressure 1.0325� 105 N/m2

Structural damping 0.0001 –

Viscous characteristic length 5� 10�5 –

Thermal characteristic length 1.1� 10�4 –

Total weight of embedded masses 23 g

Material properties of the cavity

Thickness 0.05 m

Density 1.2 kg/m3

Speed of sound 343 m/s

Damping 0.01 –

Fig. 7. Comparison of spatially averaged velocity of a fuselage panel inside a double panel system with and without sandwiched HG

blanket #1: (a) predicted response and (b) measured response. Without treatment (——). With HG blanket treatment (- - - - - -).
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Fig. 8 shows the comparison of predicted (a) and measured (b) spatially averaged velocity of the double
panel system trim panel with and without sandwiched HG blanket. One can see that the mode split of the first
fuselage mode around 130Hz in Fig. 7 caused by the HG blanket, also resulted in a mode split for the first
mode of the trim panel, since the fuselage and trim panels are highly coupled by the air cavity at this
frequency. Hence, a drop in the vibration response of the fuselage caused a drop in vibration response of the
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trim. It can be seen in Fig. 8 that the drop in the vibration response due to the mode split at around 130Hz is
quite significant.

Fig. 9 shows a comparison of the calculated sound power radiated from the trim panel of the double panel
system with sandwiched HG blanket using measured and calculated trim velocities. Plotted are the spectral
density on the left and one-third octave band on the right. The results of the experimental validation in the
frequency range of interest show that the dynamics of the fuselage are captured. The results match up well at
lower frequencies by duplicating the physics of the 1–1 mode split on the fuselage. The damping levels do not
match perfectly at the modes but the overall dB level is well matched. A significant level of complexity has
been added to the analytical model between the double panel system with and without the HG blanket. The
one-third octave band plot verifies once again that the theoretical model captures the basic physics of the
system studied.

In order to validate the mathematical model of the double panel system with HG blankets #2 and #3 to
compare it to the porous media case (HG blanket without mass inclusions), the predicted spatially averaged
velocity of the trim panel was plotted over the frequency of interest (50–500Hz) as shown in Fig. 10. The
response of the double panel system with porous media is a reference showing the effectiveness of the designed
HG blanket. The HG blanket #2 targeted the first mode of the trim panel with the large mass. Due to the
mode split of the 1–1 mode, the HG blanket #2 lowers the vibration response up to 160Hz by a significant
amount. The second mass inside HG blanket #2 has no effect on the trim side. This is due to the fact that the
Fig. 8. Comparison of spatially averaged velocity of a trim panel inside a double panel system with and without sandwiched HG blanket

#1: (a) predicted response and (b) measured response. Without treatment (——). With HG blanket treatment (- - - - - -).

Fig. 9. Comparison of experimental and predicted radiated sound power of the trim side of a double panel system with sandwiched HG

blanket #1. (a) presents the spectral density. Theory (——). Experiment (- - - - - -). (b) is a one-third octave band plot. Theory ( ).

Experiment ( ). HG blanket is designed to target the 1-1 mode of the fuselage pane. A unit point force was applied at a non center

position on the fuselage panel.
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Fig. 10. Predicted response of a double panel system. Plotted is the spatially averaged velocity of the trim panel with acoustic blanket glued

on top and an HG blanket glued on top of the fuselage panel. Poro-elastic layer (****). HG blanket #2 (- - - - -). HG blanket #3 (——).

Fig. 11. Measured response of a double panel system: spatially averaged velocity of the trim panel with either acoustic blanket or HG

blanket glued on top of the fuselage panel. Poro-elastic layer (****). HG blanket #2 (- - - - -). HG blanket #3 (——).
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coupling between the modes of the two panels varies from mode to mode. Thus, only certain modes of the
fuselage panel couple strongly to the trim panel. The 1–2 mode is not an efficient radiator, thus targeting the
1–2 mode on the fuselage panel does not reduce significantly the vibration response of the trim panel. HG
blanket #3 achieves broad control over the 140–220Hz range where the first two modes dominate. Both HG
blankets and the poro-elastic layer without mass inclusions have similar performances above 250Hz. It should
be noted that the modes described here represent the coupled modes of the double panel system. It should also
be noted that the attenuation achieved can be due to controlling resonances or altering the mode shapes of the
fuselage panel in order to reduce coupling across the cavity.

Fig. 11 shows the corresponding measurements to Fig. 10. Although the mode splits occur in the
experiments at lower frequencies than in the predictions, the relative characteristics of both results are similar.
The experimental result for the HG blanket #2 shows that the first mode split was more significant than the
second mode split, whereas the theoretical model shows equal significance for both mode splits.

In summary, the above results show that an effective analytical model has been developed and verified. The
results presented using HG blankets to target certain modes of the fuselage also show the potential of the HG
blanket to reduce the interior noise levels of an aircraft in the low frequency region, i.e. below 500Hz.
4. Conclusions

This paper has presented an experimental validation of a numerical model predicting the response of a
double panel system with sandwiched HG blanket and air cavity inside. An impedance and mobility method
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approach was used to couple the analytical solutions of the fuselage and trim panel and air cavity with the
finite element model of the HG blanket.

The experimental and numerical results presented indicate that the analytical model correctly predicts the
experimental response of the double panel system with HG blankets, and can be used as a design tool. It was
also shown that it is possible to target certain modes of the fuselage panel in a double panel system by tuning
the masses inside the HG blanket to the resonant frequencies of the fuselage panel. This results in the
reduction of the vibration levels of the fuselage which can lead to the reduction of the vibration of the trim and
in turn lead to reductions in sound radiation. However, strictly speaking, reduction in sound radiation is only
possible if the amplitudes of the efficiently radiating modes (or ‘‘radiation modes’’ [27]) of the trim are
reduced. Although the efficiently coupled fuselage modes are likely to dominate the transfer of energy to the
trim the coupling of the fuselage and the trim panel through the cavity is complicated and the authors suggest
the use of optimizations routines to design an efficient HG blanket. The HG blanket still performs well at
frequencies above 500Hz [37] due to the presence of the acoustic foam. Overall, the HG blanket has shown
potential for providing good noise reduction over a wide frequency bandwidth.
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Appendix A. Impedance and mobility matrix expressions for porous media

The basic equations for the poro-elastic model where presented by Allard [38] and further developed for the
HG blanket by Gautam et al. [39]. The basic equation of the finite element model is defined such as

f ¼ GPorox, (A.1)

where f and x are column vectors of the applied nodal forces and the nodal displacements, respectively.
GPoro is derived from the equation of motion for the poro-elastic medium

GPoroðoÞ ¼ �o2MP þ joCPðoÞ þ KPðoÞ. (A.2)

MP, CP and KP are the equivalent ‘‘mass’’, ‘‘damping’’ and ‘‘stiffness’’ matrices and o is the circular
frequency. In order to get the relationship between force and velocity at the boundary condition nodes (base
and top nodes) and the nodes in between, (A.1) can be written as

fNBC

fBC

( )
¼

G11 G12

G21 G22

" #
xNBC

xBC

( )
, (A.3)

with

fBC ¼

fBCBs

fBCBf

fBCTs

fBCTf

8>>>><
>>>>:

9>>>>=
>>>>;
; fNBC ¼

fNBCS

fNBCf

( )
; xBC ¼

xBCBs

xBCBf

xBCTs

xBCTf

8>>>><
>>>>:

9>>>>=
>>>>;
; xNBC ¼

xNBCS

xNBCf

( )
,

where for the force fBC the first indexes ‘‘BC’’ and ‘‘NBC’’ stand for the boundary condition and non-
boundary condition nodes, respectively, and the second indexes ‘‘Bs’’, ‘‘Bf’’, ‘‘Ts’’ and ‘‘Tf’’ stand for the
bottom nodes solid phase/fluid phase and the top nodes solid phase/fluid phase, respectively. The force and
displacement relationship of the nodes with fixed boundary conditions are obtained by setting the external
force at the non-boundary condition nodes to zero (fNBC ¼ 0):

fBC ¼ ðG22 �G21G
�1
11 G12ÞxBC . (A.4)
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However, since vBC ¼ joxBC , the impedance at the boundary is given by

Z ¼
1

jo
ðG22 �G21G

�1
11 G12Þ (A.5)

and the mobility matrix is the inverse of the impedance matrix:

M ¼ Z�1. (A.6)

One can now split up the impedance or mobility matrix in a solid–solid phase, solid–fluid phase, fluid–solid
phase and fluid–fluid phase seeing how half of the rows in the impedance or mobility matrix are due to the
fluid phase and the other half due to the solid phase of the poro-elastic material. The impedance and mobility
matrix can then be split up into:

Z ¼
Zss Zsf

Zfs Zff

" #
and M ¼

Mss Msf

Mfs Mff

" #
,

with

Zss ¼
ZBss

ZTss

" #
; Zsf ¼

ZBsf

ZTsf

" #
; Zfs ¼

ZBfs

ZTfs

" #
; Zff ¼

ZBff

ZTff

" #
,

and

Zss ¼
ZBss

ZTss

" #
; Zsf ¼

ZBsf

ZTsf

" #
; Zfs ¼

ZBfs

ZTfs

" #
; Zff ¼

ZBff

ZTff

" #
,

where the indexes ‘‘B’’ and ‘‘T’’ represent the bottom and top nodes, respectively. The stress and strain
relationship for a porous material can be written as

rs ¼ Dsef þDsf ef , (A.7)

rf ¼ Dfs�s þDfs�s ¼ hp. (A.8)

The solid phase stress and strain are the force per unit area and the spatial gradient of the solid phase displacement.
The fluid phase stress is the pressure and the fluid phase strain is the volumetric strain, or the divergence of the
volume displacement. The total stress on a boundary is the summation of the solid phase and fluid phase stress

r ¼ rs þ rf . (A.9)

The effective displacement of the boundary depends on if it is a fluid phase or solid boundary. Consider a very thin
layer of fluid phase just in front of the porous material. The effective velocity at the boundary is (1–h)vs+hvf. In
this case the relationship between the force acting on the fluid phase and the total velocity at the boundary is given
with the mobility matrix Mf such that

Mf ff ¼ ð1� hÞvs þ hvf . (A.10)

Consider an infinitesimally thin structural boundary, such that the fluid phase and solid phase velocities are the
same. Therefore in this case the relationship between the force acting on the porous material and the velocity of the
solid phase at the boundary is given with the mobility matrix Ms such that

vs ¼Msðfs þ ff Þ. (A.11)

The relationship between the solid phase and fluid phase velocities and forces in the finite element model are

vs ¼Msf ff þMssfs, (A.12)

vf ¼Mff ff þMfsfs, (A.13)

fs ¼ Zsf vf þ Zssvs, (A.14)

ff ¼ Zff vf þ Zfsvs. (A.15)
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The total force f applied on the porous material is split into a force applied on the solid phase fs and on the fluid
phase ff, therefore it is assumed that

fs ¼ ð1� hÞf and ff ¼ hf. (A.16)

Hence

vs ¼ Msf þ
1� h

h
Mss

� �
ff , (A.17)

vf ¼ Mff þ
1� h

h
Mfs

� �
ff . (A.18)

Using the above equations, the mobility and impedance matrices of a porous material in contact with an air cavity
can be expressed as

Mf ¼ hMff þ ð1� hÞðMfs þMsf Þ þ
ð1� hÞ2

h
Mss, (A.19)

Zf ¼ hMff þ ð1� hÞðMfs þMsf Þ þ
ð1� hÞ2

h
Mss

� ��1
. (A.20)

When calculating the solid phase impedance and mobility matrices, the solid phase velocity vs and the fluid phase
velocity vf are equal:

v ¼ vs ¼ vf . (A.21)

Hence,

fs ¼ ðZsf þ ZssÞvs, (A.22)

ff ¼ ðZff þ ZfsÞvs. (A.23)

The mobility and impedance matrices of a porous material in contact with an elastic structure can be expressed
such as

Zs ¼ Zsf þ Zss þ Zff þ Zfs, (A.24)

Ms ¼ ðZsf þ Zss þ Zff þ ZfsÞ
�1. (A.25)

The given impedance and mobility matrices in Eqs. (A.19),(A.20),(A.24) and (A.25) can be used to describe the HG
blanket used in the impedance and mobility method depending on the boundary conditions.

Appendix B. Mobility matrix of single panel modeled with lumped mass on top

The measurements of the fuselage and trim panel are both measured with a 4 g accelerometer placed at an
off center position x/Lx ¼ 0.1and y/Ly ¼ 0.7 as shown in Fig. 3. The accelerometer was modeled as a lumped
mass and coupled to the plate in order to build a more rigorous mobility matrix for the plate. Fig. B.1 shows
the free body diagram of a plate with and without taking the mass of the accelerometer m into account.

The equations for the plate modeled with a lumped mass on top of it with an input force fA and output
velocity vA, where the force due to the mass m is fM and the velocity of the mass m at the mass location is vM,
solved for vA, is given by

vM ¼M0fM ¼MMAfA �MMM fM ,

! fM ¼ ðM0 þMMM Þ
�1MMAfA, (B.1)

vA ¼MAAfA �MAM fM ¼ ðMAA �MAM ðM0 þMMM Þ
�1MMAÞfA. (B.2)
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Fig. B.1. The free body diagram of a plate with and without taking the mass m of the accelerometer into account.
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M0 is the mobility of the mass m, MAA, MAM, MMA, and MMM are input and transfer plate mobility matrices
with respect to the plate locations (index ‘‘A’’) and mass locations (index ‘‘M’’). The output velocity vA in
Eq. (B.2) which describes the velocity at all locations on the plate, is expressed as an augmented mobility
matrix Mequivalent times the input force where

Mequivalent ¼MAA �MAM ðM0 þMMM Þ
�1MMA. (B.3)

Mequivalent equivalent was used modeling both, the fuselage and the trim and the result was a higher accuracy
for the experimental validation part of the project, not only on higher, but also at low frequencies (below
400Hz), where the additional lumped mass of the accelerometer would result in an asymmetry of the plate and
would let the uneven modes become more dominant when computing the double panel system.
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