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The objective of this paper is to propose a simple tool to estimate the absorption vs. transmission
loss contributions of a multilayered blanket unbounded in a double panel structure and thus guide
its optimization. The normal incidence airborne sound transmission loss of the double panel
structure, without structure-borne connections, is written in terms of three main contributions; (i)
sound transmission loss of the panels, (ii) sound transmission loss of the blanket and (iii) sound
absorption due to multiple reflections inside the cavity. The method is applied to four different
blankets frequently used in automotive and aeronautic applications: a non-symmetric multilayer
made of a screen in sandwich between two porous layers and three symmetric porous layers having
different pore geometries. It is shown that the absorption behavior of the blanket controls the
acoustic behavior of the treatment at low and medium frequencies and its transmission loss at high
frequencies. Acoustic treatment having poor sound absorption behavior can affect the performance
of the double panel structure. © 2010 Acoustical Society of America. [DOI: 10.1121/1.3458845]

PACS number(s): 43.55.Rg, 43.55.Ev, 43.55.Ti, 43.40.Rj [NX]

I. INTRODUCTION

The sound transmission performance of double panel
systems containing sound absorbing blankets is of utmost
importance for noise control in various applications. In this
structure, some of the relevant variables are the mechanical
properties of each panel, the air gap separating the two pan-
els, the effects of the absorbing blanket, the frequency of
excitation and the type of source. The objective of this paper
is to propose a simple tool to estimate the various acoustical
contributions of the absorbing blanket inside the air gap,
with an eye to facilitate the acoustic treatment optimization.
The tool is limited to normal incidence and laterally infinite
systems.

The effect of an absorptive layer in the air gap has been
widely studied, both theoretically and experimentally. Be-
ranek and Work' and later Fahyz’3 proposed a wave decom-
position method in which the absorbing material was consid-
ered as an equivalent fluid (rigid or limp).4 The normal sound
incidence transmission loss of the double panel structure is
derived by assigning a complex acoustic wave number to the
air filling the cavity. It is shown that the absorbing blanket
plays a role mainly at high frequencies where the acoustic
resonance effects inside the structure are minimized and the
sound transmission loss increased. Compared to experi-
ments, this model exhibits good agreement except in the fre-
quency range where the porous frame vibration is important.5
Moreover, Fahy3 mentioned that this model does not allow a
straightforward explication of the effect of the absorber pa-
rameters on sound transmission by means of parametric ap-
proximations as it is possible in the case of the empty cavity.
In the same way, Gosele’ proposed a simplified method to
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predict the sound transmission loss through a double wall,
without structure-borne connections and where the air gap is
filled with porous sound-absorbing material. Denoting the
measured sound transmissions of the two constituent single
partitions by TL,, and Tl,, the transmission loss of the
double wall system is approximated by6

2(1)Z()

TL=TL, +TL,,+20 log<s—,), (1)
with Z, the characteristic impedance of ambient air, @ the
angular frequency and s’ the dynamic stiffness of the gap
given for different frequency ranges. However, this simple
model does not allow to account for the blanket contribution
at the acoustic resonance frequencies of the cavity. Later,
Bolton et al.” extends the wave decomposition method to the
random incidence transmission loss of infinite lined panel
structures. The frame influence of the porous layer is taken
into account using a poroelastic model based on Biot’s
theory.8 Bolton shows that the transmission loss is generally
improved in the high frequency range when the porous layer
is not bonded on the vibrating panels, i.e., with no mechani-
cal coupling between the panels and the blanket. However,
the transmission loss performance at low frequencies could
be increased at the expense of high frequencies by bonding
the porous layer onto one of the panels. Allard and Atalla*
and Lauriks ef al.’ proposed a method based on transfer ma-
trices to account for the porous layer in infinite double-leaf
partitions. This Transfer Matrix Method (called TMM in this
paper) is adequate for describing layered partitions, com-
posed of infinite plates and porous layers, with acceptable
accuracy,5 the porous layers being modeled either with an
equivalent fluid or a poroelastic model. However, all these
studies deal with laterally infinite double-panel systems and
are based on non-modal methods. Consequently, the respec-
tive conclusions may not be convenient for finite double-
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plate systems, especially in the low-frequency range where
the modal behavior is manifest. Note that extensions to the
TMM for finite size panels are discussed in Ref. 4 and are
shown to capture well the low frequency behavior of the
system. To better assess the modal behavior and mounting
conditions at low frequencies, Panneton and Atalla'® devel-
oped a three-dimensional finite element model to predict the
sound transmission loss through finite multilayer systems
made of elastic, acoustic, and poroelastic media. Applied to
the airborne transmission loss of a double panel structure,
they shown that the low frequency transmission loss is opti-
mum when the porous layer in bonded only on one of the
two panels; the porous layer providing at the same time me-
chanical and acoustical damping to the structure.

These different models have also been used to optimize
the effect of the porous layer and increase the transmission
loss performance of the double panel structure. The optimi-
zation was mainly based on the blanket conﬁguration,7’10_12
i.e., thickness, position and boundary conditions, or on the
properties of the porous layer such as static airflow resistivity
or bulk density.3’7’11

Even though these aforementioned models allow one to
predict quite accurately the effect of a blanket on the sound
transmission loss of the double panel structure, it remains
unclear what acoustical properties the absorbing blanket
should own to optimize the sound transmission loss of the
double panel structure. Indeed, considering an unbounded
blanket inside the cavity, this layer will dissipate acoustical
energy by means of two main contributions: sound absorp-
tion in the air-gaps separating the blanket from the panels
and sound transmission loss through the blanket. Thus, the
knowledge of how much these two different properties con-
tribute to the sound transmission loss could help one to de-
velop an adequate absorbing blanket. Indeed, an efficient
material in terms of sound transmission loss can show poor
sound absorbing behavior, and vice versa.

The objective of this paper is to propose a simple tool to
estimate the sound absorption and sound transmission loss
contributions of the blanket on the sound transmission loss of
the double panel structure. Since this work mainly focuses
on the acoustic contribution of the blanket, only the airborne
transmission of an infinite double panel structure filled with
an unbounded absorbing blanket and excited by plane waves
is considered. The unbounded case, in real configurations,
occurs when the blanket is not fully bonded onto the vibrat-
ing panel. Practically, a 1 mm air-gap is set between the
panel and the blanket to simulate this decoupling. A larger air
gap can also be intentionally devised to optimize the trans-
mission loss. For this purpose, a simple analytic expression
of the normal incidence sound transmission loss of the
double panel structure is proposed here in terms of the three
main contributions: (i) sound transmission loss of the panels,
(i1) sound transmission loss of the blanket and (iii) sound
absorption due to multiple reflections inside the air-gaps. In
the first part, this simple analytical expression and its various
contributions are presented. Next, applications to four differ-
ent absorbing blankets frequently used in transport applica-
tions and the weight of each contribution are investigated.
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FIG. 1. Schematic view of the double panel structure split in two parts: (a)
transmission loss of the whole system and definition of r;, (b) transmission
loss of the sub-system and definition of r,.

Il. THEORY
A. General formulation

A schematic view of the structure is shown in Fig. 1.
This structure is a partition consisting of two thin homoge-
neous panels, separated by an air-gap containing an acousti-
cally absorbing multilayer blanket, and with no interconnec-
tions between the two panels. This configuration is typical in
the automotive or aeronautic context. The air layer between
the first panel and the front face of the porous multilayer has
a thickness D, and is called the upstream cavity in this paper.
The air layer between the rear face of the porous layer and
the second panel has a thickness D, and is called the down-
stream cavity. The porous multilayer thickness is denoted by
d.

A plane wave impinges on the first panel with the am-
plitude Ay, it is attenuated as it goes through the double panel
structure and is finally reduced to the amplitude A, in the
receiving semi-infinite air domain (x>d+D,). The normal
incidence transmission coefficient and the TL of the system
can be expressed as, respectively

=, (2)

and
TL=-20 log(|t]). (3)

According to Bruneau and Scelo,' the total sound pres-
sure field between two planes characterized by an acoustic
surface impedance can be written in terms of two plane
waves, the distance separating the planes and the two reflec-
tion coefficients. Applied to the upstream cavity (-D,<x
<0) and the downstream cavity (d<x<d+D,) inside the
double panel structure, it is given by, respectively (the
exp(jwt) time dependence is omitted)

a . .
- (,Tkox Jkox
pu(x) 1— rlrple_zjkODl (6 +re ), (4)
b —jkox —2jko(d+D,) ,jkex
pd(X) = 1= ryr 2e_2jkOD2 (8 + 7€ e ) (5)
p

This wave decomposition method takes explicitly into
account the multiple wave reflections in the upstream and
downstream cavities and makes no assumption on the reflec-
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tion coefficients. Here, k is the wave number in the ambient
fluid, r; the reflection coefficient seen by the x-positive
propagating waves in the upstream part, r, the reflection co-
efficient seen by the x-negative propagating waves in the
downstream part and r,; and r,,, the reflection coefficients of
the first and second panels respectively. A definition and a
simple analytical expression of these coefficients will be pre-
sented later in the paper.

The two coefficients a and b are respectively the ampli-
tude of the first acoustic wave transmitted by the panel 1 in
the upstream cavity and the amplitude of the first acoustic
wave transmitted by the porous multilayer in the downstream
cavity. The amplitude coefficient a is thus simply the inci-
dent wave A, attenuated as it goes through the first panel by
the complex sound transmission coefficient #,;:a=At,;. Ac-
cording to Eq. (4), the total sound pressure impinging on the
front face of the porous multilayer at x=0 is Agt, /(1
=117y exp(=2jkoDy)). In the same way, this amplitude is at-
tenuated as it goes through the porous multilayer by the com-
plex sound transmission coefficient ¢,, and b is given by b
=Aoty1t,! (1=ry7, exp(=2jkoDy)). According to Eq. (5), the
total incident sound pressure on the downstream part at x
=d+D2 is [AOtpltm/(l Iyl exp(_z.]kODl))(l Il exP(
—2jkyD,))]. This sound pressure is finally attenuated as it
goes through the second panel by the complex sound trans-
mission coefficient 7,,. The normal incidence sound trans-
mission loss of the structure is finally given by

TL=TL, +TL,+TL,+TL,+TL; dB, (6)
with  TL,;=-20log(|t,;]), TL,,=-201log(|t,.]), TL,=
—20 log(|£,.]),

TL 201 ( ! ) (7)

u=" Y —2j s
g |1 — e 2jk0D]|
and
TL;=-201 ( ! ) (8)
= - (0] A~ .
d g |l — 2 e—2_;k0D2|

Equation (6) shows that the normal incidence sound trans-
mission loss of the multilayer can be decomposed into three
main parts. TL,; and TL,, account for the sound transmis-
sion loss of the first and second panel, TL,,, accounts for the
sound transmission loss of the porous layer and finally, 7L,
and TL, account for the multiple wave reflections in the
upstream and downstream cavities inside the double panel
structure, respectively. The weight of each contribution to the
global sound transmission loss will be illustrated later in this
paper for a multilayer sound absorbing blanket and three
different monolayer porous materials.

B. Calculation of the intermediate transmission loss
1. Panels transmission loss contribution

The normal incidence transmission loss of each panel,
TL,; (j=1,2), is simply derived from its surface density m,;
as
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27,
2ZO + j(x)msj

) > (9)

with Z the characteristic impedance of ambient air and w the
angular frequency.

TL,;=-20 10g<‘

2. Blanket transmission loss contribution

In this paper, the porous layers constituting the blanket
are assumed to be acoustically rigid or 1imp4’14’15 and are
described from their characteristic wave number k and char-
acteristic impedance Z.. These intrinsic properties are deter-
mined from the equivalent fluid model of Johnson et al.'®
and Allard and Champoux17 which involves the measure-
ment of the following non-acoustic properties:18 static air-
flow resistivity o, porosity ¢, tortuosity «.,, viscous charac-
teristic length A, and thermal characteristic length A’. If the
blanket is a multilayer composed of a stack of different po-
rous and non-porous materials (screen, heavy layer...), the
transmission loss 7L, is determined from the transfer matrix
method TMM.* Note that the assumption of rigid/limp be-
havior doesn’t limit the scope of Egs. (6)—(8) since the TMM
can also be used to account for poroelastic behavior (estima-
tion of TL,,, r; and r,) and other type of panels (estimation of
TL,)).

In the simple case of a rigid or limp porous monolayer
that is both symmetric and homogeneous, the sound trans-
mission coefficient can be determined from the transfer ma-
trix coefficients 7;; as

2eikod
TL,, = - 20 log - (10)
Tii+ =2+ ZoToy + Ty
Zy
with
[T“ le} { cos(kd)  jZ, sin(kd) | (an
Ty, Ty | |jsinkd)/Z, cos(kd) |

It is worth mentioning that this transmission loss can also be

measured in an impedance tube, the porous element being
. 18,1 - 20

symmetric ? or non-symimetric.

3. Upstream and Downstream absorption
contributions

According to Egs. (7) and (8), the sound transmission
loss coefficients, TL, and TL,, which account for the absorp-
tion mechanisms in the upstream and downstream cavities
can be determined from the reflection coefficients (ry,r,;)
and (r,,r,,), respectively.

The coefficients r,; (j=1,2) are the reflection coeffi-
cients of a air-panel-air interface and are simply derived con-
sidering the continuity of the normal particle velocity at the
front and rear face of the panel and by applying the Newton
law to the panel. Finally, these coefficients are given by

=t (12)

27y - jomg;

To define the two reflection coefficients r; and r,, let us
go back to the proposed expression of the sound transmission
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FIG. 2. Schematic view of the double panel structure split in two parts: (a)
transmission los of the whole system and definition of ry, (b) transmission
loss of the sub-system and definition of r,.

loss of the double panel structure. According to the Fig. 2(a),
the sound transmission loss of the structure 7L can be de-
rived from TL=TL,+TL,+TLg; TLg being the sound trans-
mission loss of the sub-system S composed of the porous
multilayer, the downstream cavity and the second panel (see
Fig. 2(b)). In the upstream cavity shown in Fig. 2(a), the
reflection coefficient at the left hand side of the cavity is the
reflection coefficient of panel 1 r,; (see Eq. (12)) and the one
of the right hand side is the reflection coefficient of the sub-
system ‘“multilayer/downstream cavity/panel 2,” r;. Note
that, according to the Fig. 2(a), the side u of the porous
multilayer is facing the incident sound wave taken place in
the upstream cavity; what is an important consideration for
the calculation of r;. This reflection coefficient can be deter-
mined using the TMM method.* However, it could be sim-
plified by considering the second panel rigid and immobile.
In this case r; is called r}, and for a symmetric and homo-
geneous porous monolayer, it is given by

_TuTy + TioTs, - ZyTy T, — Zy T T,
T\ T, + T Ty, + ZgTo Ty + Zo Ty T, ’

wW
ry

(13)

with Tj; the transfer matrix coefficients of the porous layer
and Tl‘j the transfer matrix coefficients of the downstream
cavity of thickness D,. Note that the coefficients Tf] can be
obtained from Eq. (11) by replacing Z,. by Z, and k by k.
The simplification r;=r} will mainly lead to a discrepancy in
the estimation of the mechanical behavior of the double
panel structure in the low frequency range around the “mass/
spring/mass” resonance frequency. This consideration will be
detailed in the next section. It is worth mentioning that the
reflection coefficient r} can also be measured in an imped-
ance tube according to the standard ISO-10534-2;*" the side
u of the porous multilayer facing the incident sound wave.
Considering now the sub-system S shown in Fig. 2(b),
the sound transmission loss 7Lg is given by TL¢=TL,,
+TL,+TL,,. Here, the downstream cavity is separated from
the acoustic source (x<<0) by the porous multilayer. Thus,
the reflection coefficient at the left hand side of the cavity is
the reflection coefficient of the porous multilayer backed by
an infinite air layer r, and the one of the right hand side is the
reflection coefficient of the second panel r,, (see Eq. (12)).
Note that, according to Fig. 2(b), the side d of the porous
multilayer is now facing the incident sound wave inside the
downstream cavity; which is an important consideration for
the calculation of r,. This reflection coefficient can be deter-
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TABLE I. Properties of the material samples.

Material Material Material
Material properties A B C Screen
Porosity ¢ 0.99 0.99 0.99
Density p (kg/m?) 7.5 6.1 5.5 125
Static airflow resistivity
o (N s/m*) 7300 25 000 14 000 50 000
Tortuosity ., 1 2.8 1
Viscous length A (um) 88 100 70
Thermal length A’ (um) 160 300 107

mined from the TMM method.* However, in the case of a
symmetric and homogeneous porous monolayer, it is simply
given by19
. T+ T2y —ZyT5 — Ty
2T+ T/ Zo+ ZoTo + Ty

(14)

The reflection coefficient r, can also be measured in an im-
pedance tube according to the standard 1SO-10534-2,*' mak-
ing use this time of an anechoic termination; the side d of the
porous multilayer faces the incident sound wave.

lll. SIMULATIONS

A. Transmission loss contributions for a multilayer
blanket

First, the validity of the proposed formulation is checked
by comparison of a full TMM solution in the case of a
double panel configuration close to the aeronautical context.
Here a 50.5 mm-thick multilayer blanket is paced between
two aluminum panels with a 25 mm-thick upstream cavity
and a 30 mm-thick downstream cavity. The two aluminum
panels have the same density of 2742 kg/m? but panel 1 is 1
mm-thick and panel 2 is 2 mm-thick (m;=2.742 kg/m?,
my,=5.484 kg/m?). The multilayer blanket is made of a 0.5
mm-thick resistive screen in sandwich between a 25 mm-
thick plastic foam (material A) and a 25 mm-thick fibrous
material (material C). Properties of the materials are given in
Table I. The equivalent fluid limp model'*" is used here to
describe the acoustic behavior of the porous materials.

Figure 3(a) presents the normal incidence sound trans-
mission loss of the double panel structure derived from Eq.
(6) considering r; or r}" in Eq. (7), the one obtained from the
TMM model and taken here as reference, the contributions of
the two panels (7L, +TL,,) derived from Eq. (9) and the
normal incidence sound transmission loss of the double
panel with an empty cavity. Figure 3(b) presents the trans-
mission loss contribution of the blanket (7L,,) and the ab-
sorption contributions (7L,,TL,) derived from Egs. (7) and
(8) when the blanket is present or not in the air-gap. Finally,
Fig. 4 presents the reflection coefficients ry, rY, r, and r,;
(j=1,2) required for the TL, and TL, calculations. The as-
sociated absorption coefficients are also presented (row 1)
and are derived from the reflection coefficients r as a=1
—|r%. Since the sound absorbing blanket is a multilayer in
this configuration, the transmission loss of the blanket 7L,
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FIG. 3. (a) Normal incidence sound transmission loss of the empty structure
or filled in with the multilayer blanket “MaterialA/Screen/MaterialC.” (b)
Sound transmission loss contributions of the blanket or of the empty cavity.

and the reflection coefficients r|, r}, and r, are derived from
the TMM model. r,; is given by Eq. (12) knowing the sur-
face density of the plates.

Figure 3(a) shows that the proposed expression of TL
(Eq. (6)) associated to the reflection coefficient r; gives the
same result compared to the reference TMM model; this cor-
roborates the validity of the simple expression of 7L and of
the calculation of the various reflection coefficients. As men-

w

tioned previously, the use of the simplified coefficient r| in
Eq. (7) leads to a discrepancy in the estimation of the me-
chanical behavior of the double panel structure in the low
frequency range around the “mass/spring/mass” resonance
frequency (up to 300 Hz). However, this simplification has
no effect in the medium and high frequency bands. Indeed,
Fig. 4 shows that the absorption behavior of the sub-system
“multilayer/downstream cavity/panel 2,” associated to ry, is
close to the absorption of the system for which the second
panel would be replaced by a rigid and immobile surface (see
column 1). The main difference is the high absorption coef-
ficient at low frequencies due to the dynamic behavior of the
second panel; this absorption behavior being characteristic
for the two plates as shown in column 3 (absorption coeffi-
cient related to the reflection coefficients r,;).

Regarding the sound transmission loss of the double
panel structure with and without multilayer inside the air-gap
(see Fig. 3(a)), it is found as expected that the multilayer
blanket mainly attenuates the dips of insulation controlled by
the cavity resonances around 1.6 kHz and 3.3 kHz and im-
proves the insulation at high frequencies. At low frequencies,
the blanket reduces the dynamic stiffness of the air between
the plates and then slightly decreases the “mass/spring/mass”
resonance frequency.

According to the proposed expression of TL (Eq. (6)), it
is now possible to investigate the various contributions 7L,
TL, and TL,, (see Fig. 3(b)). When the double panel structure
is empty, it is found that the contribution of the multiple
reflections in the downstream cavity, 7L, is null and on the
contrary, the contribution of the multiple reflections in the
upstream cavity 7L, accounts for all acoustical and mechani-
cal effects: acoustic resonances and “mass/spring/mass”
resonance. When the multilayer absorbing blanket is present
in the structure, the main effects are thus visible on the 7L,
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contribution for which the insulation dip at the cavity reso-
nance is greatly reduced and the “mass/spring/mass” reso-
nance slightly shifted toward lower frequency. The fact that
TL,, accounts for the various couplings between the two pan-
els and not TL, is due to their respective expression (see Egs.
(7) and (8)) in which TL, accounts for the presence of panels
1 and 2 by r,,; and r; respectively, and TL, only accounts for
the presence of one panel by r,,. Indeed, r, is calculated
when the sound absorbing blanket is backed by a semi-
infinite air layer and is close to 0 as shown in Fig. 4 (see
column 2). This confirms that the reflection coefficient of the
rear surface of the material r,, is different from the one of the
front surface r|, as mentioned by Salissou and Panneton in
Ref. 20.

Figure 3(b) shows that, in the case of this multilayer
blanket, the contributions of TL, and TL, are of the same
amplitude above 200 Hz. It is also shown that these two
contributions are inferior to the contribution of the transmis-
sion loss of the multilayer blanket 7L,,. Whereas the sound
transmission loss of the multilayer increases continually with
frequency, the sound transmission losses due to upstream and
downstream absorptions present slight oscillations around 0
dB. Finally, comparing now all the sound transmission loss
contributions of Eq. (6) and presented in Figs. 3(a) and 3(b),
it is found as expected that the contribution of the two alu-
minum panels is predominant due to mass effect. Still, the
sound package allows a 5-10 dB improvement in the high
frequency range.

It is worth mentioning that even if the previous simula-
tions have been carried out with 25 mm and 30 mm upstream
and downstream cavities respectively, the presented model is
also valid for small cavities, for example D;=D,=1 mm.
On a practical note, the proposed expression of the global 7L
(Eq. (6)) can also be used to estimate the normal incidence
sound transmission loss of a double panel structure filled
with a multilayer sound absorbing blanket from the measure-
ments of the surface density of the two panels and the mea-
surements of the transmission and reflection coefficients of
the multilayer blanket 7L,,, r} and r2.18721 In this case, the
measurement of all the non-acoustic properties (i.e., porosity,
static airflow resistivity, tortuosity, viscous and thermal char-
acteristic lengths) of each component of the multilayer filling
the double panel structure and required generally in the mod-
els is not necessary. However, it is important that the experi-
menter ensures that the multilayer blanket behaves as an
equivalent fluid (rigid or limp) inside the impedance tube
with no contribution of the frame elastic behavior and no
leakage effects. 2>

B. Comparison of the acoustic behavior for three
different monolayer porous materials

The influence of the acoustic behavior of the absorbing
blanket, i.e., contributions of the sound absorption inside the
double panel structure and sound transmission loss of the
blanket, is now investigated more in details. Here, three 50
mm-thick monolayer porous materials with different pore ge-
ometries are used as blanket inside the double panel struc-
ture. Material A and B are low and high static airflow resis-
tivity plastic foams, respectively, both with a stiff and low
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FIG. 5. (a) Normal incidence sound transmission loss of the double panel
structure: without porous material, with material A, with material B. (b)
Sound transmission loss contributions: with material A, with material B.

density skeleton. Material C is low density fibrous material
with a soft skeleton and a low static airflow resistivity. These
three materials are frequently used in aerospace and building
applications for thermal and sound insulation. Properties of
the materials are listed in Table I. These materials have been
selected because of their distinct acoustic behavior related to
the porous microstructure, i.e., two materials are foams con-
stituted of a continuous arrangement of cells (first is reticu-
lated, the second is not), and the other material is fibrous
constituted of a discontinuous stack of fibers. Finally, despite
of their different microstructure, material A shows (i) similar
sound transmission loss behavior to material B which allows
us to focus on the absorption contributions (TL,, TL,) and
(ii) similar sound absorption behavior to material C which
allows us to focus on the sound transmission loss contribu-
tion (TL,,). In order to emphasize the effects of the porous
layer, the double panel structure is considered symmetric
here, i.e., D;=D,=25 mm and my=my,=2.742 kg/m?>.
Since materials A, B and C are monolayer blankets, the re-
flection coefficient r, is derived this time using Eq. (14).
Furthermore, note that 7L, is derived using the reflection
coefficient r; and not r}" since the effects of the rigid wall
assumption has already been investigated in the previous
section.

Figure 5(a) shows the normal incidence transmission
loss of the double panel structure with either foam A or foam
B and the normal incidence sound transmission loss of the
empty structure. Figure 5(b) shows the contributions of the
sound transmission loss of the porous material A and B
(TL,,) and their upstream (7TL,) and downstream (TL,) ab-
sorption contributions. It is shown that, even if the two ma-
terials have similar sound transmission loss behavior (see
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FIG. 6. Normal incidence sound absorption coefficient of a 50 mm thick
porous material backed by a 25 mm thick air cavity D, and a rigid and
immobile wall (@=1-|r}]?).

solid lines Fig. 5(b)), the absorption contributions can be
greatly different (see dashed and dash-dotted lines Fig. 5(b))
and thus lead to a different sound transmission loss perfor-
mance of the double panel structure (see Fig. 5(a)). In this
case, the lack of performance of the sound absorption behav-
ior of material B compared to material A in the medium
frequency range, i.e., between 400 Hz and 1200 Hz (see
dashed and dash-dotted gray curves Fig. 5(b)), leads to a lack
of performance of the sound transmission loss of the double
panel structure when material B is present (see Fig. 5(a)). In
this frequency range, the sound transmission loss of the
empty structure is even better: the transmission loss with
foam B is 8 dB lower at 900 Hz.

To illustrate the absorption behavior difference between
material A and B, Fig. 6 presents the normal incidence sound
absorption associated to the reflection coefficient r}" for the
three materials backed by the air cavity D, and a rigid and
immobile wall. These simulations are derived from Eq. (13).
It is shown that compared to material A and C, material B
presents a gap in performance in the mid frequency range. It
is worth commenting that the frequency band of this sound
absorption dip is not exactly the one observable in the nor-
mal sound transmission loss of the double panel structure
(Fig. 5(a)). Indeed, according to Eq. (7), the transmission
coefficient TL,, related to the multiple reflections effect inside
the upstream cavity does not only depend on the absorption
behavior of the “porous/downstream cavity/panel 2” sub-
system (related to r;) but also on the size of the upstream
cavity D;.

Figure 7(a) shows the normal incidence sound transmis-
sion loss of the double panel structure including foam A or
fibrous C and the one of the empty structure. Figure 7(b)
shows the contributions of the sound transmission loss of the
porous material A and C (TL,,) and their upstream (7L,) and
downstream (TL,) absorption contributions. It is shown that,
even if the two materials have similar sound absorption be-
havior inside the double panel structure (see dashed lines
Fig. 7(b)), the sound transmission loss of material C is
slightly greater than the one of material A (see solid lines
Fig. 7(b)), which leads to a greater sound transmission loss
performance of the double panel structure when material C is
present (see Fig. 7(a)). In this case, the higher transmission
loss performance (TL,,) of material C compared to material
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FIG. 7. (a) Normal incidence sound transmission loss of the double panel
structure: without porous material, with material A, with material C. (b)
Sound transmission loss contributions: with material A, with material C.

A cannot be attributed to a mass effect as its bulk density is
lower, but rather to an improved visco-thermal dissipation
mechanism due to pore geometry.

IV. CONCLUSION

In this paper, the different acoustic contributions of a
sound absorbing blanket placed between two thin panels to
the normal incidence sound transmission loss of the double
panel system has been investigated. For this purpose, a
simple analytic expression of the normal incidence sound
transmission loss of the double panel structure is proposed in
terms of three main contributions (see Eq. (6)): sound trans-
mission loss of the panels, sound transmission loss of the
blanket and sound absorption due to multiple reflections in-
side the structure. The acoustic contributions of the sound
absorbing blanket are then investigated in the case of four
different blankets frequently used in the context of transport
applications: a non-symmetric multilayer made of a screen in
sandwich between two porous layers and three symmetric
porous layers having different pore geometries. It is shown
that; (i) at high frequencies, the transmission loss contribu-
tion of the blanket is preponderant compared to the absorp-
tion contributions; (ii) at the cavity resonance frequencies,
the absorption contribution allows to attenuate the dips of
insulation, (iii) at medium and low frequencies, for porous
layers showing poor absorption performance, the absorption
contributions in the air-gaps can decrease the sound trans-
mission loss performance of the double panel structure
which can be even better in the case of an empty structure.
Using the proposed expression of Eq. (6), one can accurately
estimate the normal incidence sound transmission loss of a
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double panel structure by measuring few acoustic properties
of the absorbing blanket with classical impedance tube tech-
niques. This could be used as an alternative to the classical
models which require the measurement of all the non-
acoustic properties (e.g., Biot properties) of each layer con-
stituting the blanket. The proposed expression also represents
a practical way to optimize the TL of such structures by
concentrating on the sound package.
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