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The sound transmission loss (STL) of finite lightweight multilayered structures with thin air layers is

studied in this paper. Two types of models are used to describe the vibro-acoustic behavior of these

structures. Standard transfer matrix method assumes infinite layers and represents the plane wave

propagation in the layers. A wave based model describes the direct sound transmission through a rec-

tangular structure placed between two reverberant rooms. Full vibro-acoustic coupling between

rooms, plates, and air cavities is taken into account. Comparison with double glazing measurements

shows that this effect of vibro-acoustic coupling is important in lightweight double walls. For infinite

structures, structural damping has no significant influence on STL below the coincidence frequency.

In this frequency region, the non-resonant transmission or so-called mass-law behavior dominates

sound transmission. Modal simulations suggest a large influence of structural damping on STL. This

is confirmed by experiments with double fiberboard partitions and sandwich structures. The results

show that for thin air layers, the damping induced by friction and viscous effects at the air gap surfa-

ces can largely influence and improve the sound transmission characteristics.
VC 2010 Acoustical Society of America. [DOI: 10.1121/1.3500698]

PACS number(s): 43.55.Rg, 43.55.Ti, 43.55.Wk [LMW] Pages: 3513–3524

I. INTRODUCTION

In aerospace and car industry, economic and ecologic

stimuli have increased the use of lightweight structures like

composite sandwich panels. However, the combination of

low mass and high stiffness typically results in a lower sound

transmission loss (STL) over a large frequency band. Mod-

ern buildings are often required to make use of lightweight

structures to a large extent. For this, several reasons can exist

such as flexibility, cost, construction time, etc. Sufficient air-

borne and structureborne sound insulation throughout these

buildings generally can only be created when multilayered

structures are used. Specific type of multilayered structures

often encountered in buildings are double walls, for exam-

ple, double glazing and double gypsum board walls.

The vibro-acoustic behavior of multilayered structures

and double walls has been studied analytically. Literature

includes models based on the impedance approach,1,2 the

progressive-wave method,3,4 and more recently, the transfer

matrix method (TMM).5,6 These methods assume infinite

structures. In the TMM, different types of layers, such as

elastic, poro-elastic, and fluid layers, can be easily incorpo-

rated. Statistical energy analysis (SEA) has also been used to

calculate the transmission loss of double walls.7,8 Craik

et al.9 experienced difficulties to properly describe the cou-

pling between the cavity walls and air cavity, making STL

predictions of cavity walls with empty cavity unreliable.

Deterministic models have also been developed. These mod-

els take into account the finite dimensions of the structure.

Also, the finite dimensions of the rooms on emitting and

receiving side can be taken into account. Models based on

well-known numerical methods, such as the finite element

method (FEM) or the boundary element method (BEM),

have been used.10,11 These models typically are limited to

the lower frequency range due to the high computation cost.

Modal models have been developed which reduce the com-

putation cost and therefore make simulations possible up to

a higher frequency.12–15 For single-layered walls, the consid-

eration of full coupling between room modes and bending

wave modes of the plate is not necessary in many cases.16

For multilayered structures like double walls, the interaction

between the vibrations of the panels and the acoustic pres-

sure in the air gap cannot be neglected.

The sound transmission through double walls with large

air cavities has been extensively investigated in literature—

both numerically and experimentally. However, less is known

about sound transmission through structures with thin air layers.

Hongisto17 has made an extensive study of double wall predic-

tion models. Double walls with and without studs, and with and

without cavity absorption were examined. Comparison between

existing analytical models and experimental results showed a

very high variation, even for the simplest type of walls without

studs and cavity absorption. There is an obvious need for better

understanding of the behavior of double walls with air gaps.

The most problematic situation, which none of the models
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investigated by Hongisto can deal with, is very thin and empty

cavities (cavity depth < 30 mm). It is extremely difficult to

determine the effective cavity absorption in such cases.

The effect of a thin air layer on the damping of a plate

has been experimentally and analytically investigated by

Önsay.18 The attenuation and frequency shift of the plate’s

resonances were demonstrated for a cavity backed plate.

Attention was given to the influence of the thickness of the air

layer. When the air layer thickness is reduced, there is

increased damping in the system. The viscous shear forces,

induced in the air layer near the enclosing surfaces, become

more effective at relatively smaller gaps, and thus increase the

damping. Basten et al.19,20 developed a modal model for dou-

ble walls while taking into account the viscothermal effects in

the air layer. It was shown that the damping of the so-called

pumping modes of the plate can be largely increased by

decreasing the thickness of the air layer. However, the influ-

ence of the viscothermal effects on the transmission loss cal-

culations was very small in the considered frequency range

(0–180 Hz). Only around the eigenfrequencies of the panel

there are small differences between the results with and with-

out taking into account viscothermal effects. The increased

damping has only effect for resonant behavior of the panels

and hardly influences the overall transmission loss, which is

in the low-frequency region determined by the non-resonant

or forced transmission (mass-law). More recently, Akrout

et al.21,22 studied the vibro-acoustic behavior of double panels

and laminated double glazing with a finite element model,

including the effects of viscosity and thermal conductivity of

the cavity air. The numerical results showed the importance

of the viscothermal effects in the case of thin air layers.

In this paper, double walls and multilayered walls with

thin air layers are investigated. In Sec. II, two models are pre-

sented to describe the vibro-acoustic behavior of this type of

structures. The TMM is used to describe plane wave propaga-

tion through infinite multilayered structures. A modal model is

developed with the wave based method (WBM) to describe

the direct transmission through multilayered walls, consisting

of thin plates and air cavities, such as double walls, placed

between two 3D rectangular rooms. Section III describes the

experimental setups and test samples examined. In Sec. IV,

the measurement results are shown and discussed. Comparison

is made with TMM and WBM prediction results, to discuss

the influence of vibro-acoustic coupling and damping. Espe-

cially the influence of extra damping—created by viscother-

mal effects in the air layer and friction at the cavity walls—on

STL is discussed, by numerical and experimental examples.

II. VIBRO-ACOUSTIC MODELING

A. Transfer matrix method

The TMM is a general method for modeling acoustic

fields in layered media which include fluid, elastic, and poro-

elastic layers. Several acoustical applications of this method

were published in literature.6,23–25 The method assumes

infinite layers and represents the plane wave propagation in

different media in terms of transfer matrices. Interface matrices

describe the boundary conditions between different layers

depending on the nature of the two layers.

The TMM is a computational efficient technique to pre-

dict the sound transmission coefficient s(h) of an infinite

multilayered structure for plane wave excitation at an angle h.

To predict the STL of structures between two rooms, as meas-

ured in laboratory or in situ, one has to take an average trans-

mission coefficient �s over all incident angles. Diffuse field

assumption leads to

�sðxÞ ¼

ð90
�

0

sðx; hÞ sinðhÞ cosðhÞdh

ð90
�

0

sinðhÞ cosðhÞdh

: (1)

To give better agreement between measured and predicted

STL, the integration is often limited to a maximum angle of

incidence hlim,26

�sðxÞ ¼

ðhlim

0

sðx; hÞ sinðhÞ cosðhÞdhðhlim

0

sinðhÞ cosðhÞdh

: (2)

Typical values used for hlim lie between 78� and 85�. Kang

et al.27 have proposed a Gaussian distribution of incident

energy G(h),

GðhÞ ¼ e�bh2

: (3)

b is a factor within the range of 1–2, depending on the source

room characteristics.27 This leads to following prediction

formula for the average transmission coefficient:

�sðxÞ ¼

ð90
�

0

GðhÞsðx; hÞ sinðhÞ cosðhÞdh

ð90
�

0

GðhÞ sinðhÞ cosðhÞdh

: (4)

Villot et al.28 have presented a spatial windowing tech-

nique of plane waves to take into account the finite size of a

plane structure in sound radiation and sound transmission cal-

culation. This finite size correction term takes into account

the diffraction effects of the boundaries. Modal behavior of

the structure is not incorporated.

For single-layered walls, the analytical TMM gives sat-

isfactory results. Agreement between measurement and

model is good—especially after applying correction terms

like taking into account a maximum angle of incidence.

Kurra and Arditi29 have shown that the use of similar correc-

tions for double walls with empty cavity and multilayered

walls gives unrealistic simulation results.

B. Wave based method (WBM)

1. Problem definition

The WBM13 is used to simulate the direct sound trans-

mission through a rectangular structure, placed between two

rectangular 3D rooms. The original model for single walls,

developed by Osipov et al.,30 has been extended to multi-

layered structures.31 The geometry of the considered prob-

lem is shown in Fig. 1. The multilayered structure with
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dimensions Lpx and Lpy consists of N plates separated by air

cavities. The side and back walls of the rooms are rigid,

just as the side walls of the air cavities. The plates are sim-

ply supported. To calculate the airborne sound insulation, a

harmonic volume point source is placed in the source room

at position (xs, ys, zs).

The source room is divided into two parts by a plane

through the point source, parallel to the element. The steady-

state acoustical pressure in each (sub)room and air cavity pa,i

(i ¼ 0 … N þ 1) is governed by the homogeneous Helmholtz

equation,

r2p
a;i
ðx; y; zÞ þ k2

ap
a;i
ðx; y; zÞ ¼ 0 (5)

ka ¼ x=cair is the acoustic wavenumber in air, with x the

angular frequency, and cair the speed of sound in air. In

source and receiving room, uniform damping is introduced

by making the acoustic wavenumber complex,32

ka ¼ ka 1� j
1

2

2:2

f T

� �
; (6)

where T is the reverberation time of the room, f is the fre-

quency, j ¼
ffiffiffiffiffiffiffi
�1
p

.

For acoustically thin plates, the transverse displacement

wi of the plates at position zpi (i ¼ 1 … N) fulfills Kirchhoff’s

thin plate bending wave equation,

r4wiðx; yÞ � k4
B;iwiðx; yÞ

¼
p

a;i
ðx; y; zpiÞ � p

a;iþ1
ðx; y; zpiÞ

B0i
;

(7)

where the bending wave number kB,i and the plate bending

stiffness B0i are defined as

kB;i ¼
ffiffiffiffiffiffiffiffiffiffiffi
m00i x

2

B0i

4

s
and B0i ¼

Eih
3
i ð1þ jgiÞ

12ð1� m2
i Þ

; (8)

with m00i ¼ qihi the surface mass density of plate i, hi the

plate’s thickness. The material of plate i has a density qi,

a Young-modulus Ei, a loss factor gi, and a Poisson

coefficient mi.

2. Field variable expansions

The acoustic pressures are approximated in terms of the

following acoustic wave function expansion:

p
a;i
ðx; y; zÞ ¼

XM

m¼0

XN

n¼0

ðe�jk zimnzAimn

þ ejk zimnzBimnÞ cos
mp
Lx;i

x

� �
cos

np
Ly;i

y

� �
; (9)

where

kzimn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

a �
mp
Lx;i

� �2

� np
Ly;i

� �2
s

: (10)

Lx,i and Ly,i are the cross-sectional dimensions of the respec-

tive room or cavity, m and n are integers. The wave func-

tions are exact solutions of the homogeneous Helmholtz

equation (5). The time dependence ejxt has been omitted

throughout this paper.

Using Euler’s equation, Eq. (9) leads to following wave

function expansion for the air particle displacement in the

z-direction:

wa;iðx; y; zÞ ¼
1

x2qair

@p
a;i

@z

¼ � j

x2qair

XM

m¼0

XN

n¼0

kzimn

� ðe�jkzimnzAimn � ejkzimnzBimnÞ

� cos
mp
Lx;i

x

� �
cos

np
Ly;i

y

� �
; (11)

with qair the density of air.

Also for the transverse displacement of the plates, a field

variable expansion is used,

wiðx; yÞ ¼
XP

p¼1

XQ

q¼1

Cipq sin
pp
Lpx

x

� �
sin

qp
Lpy

y

� �
: (12)

3. Continuity and boundary conditions

The proposed pressure expansions satisfy a priori the

rigid wall boundary conditions. The plate displacement

FIG. 1. (Color online) Geometry of the

wave based model: A multilayered struc-

ture—composed of N rectangular plates,

coupled by cavities—between two rectangu-

lar 3D rooms with rigid side and back walls.
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expansions satisfy a priori the simply supported boundary

conditions. The unknown pressure and plate amplitudes

Aimn, Bimn, and Cipq are determined by the boundary condi-

tions at back walls and the continuity conditions. At the rigid

back walls of source (z ¼ 0) and receiving room (z ¼ zR), the

air particle displacement must be zero,

wa;0ðx; y; 0Þ ¼ wa;Nþ1ðx; y; zRÞ ¼ 0: (13)

The coupling conditions at the source plane (z ¼ zs) can be

written as follows:

p
a;0
ðx; y; zsÞ ¼ p

a;1
ðx; y; zsÞ;

jxwa;0ðx; y; zsÞ þ dðxs; ysÞ ¼ jxwa;1ðx; y; zsÞ; (14)

where d is the Dirac function. At the plates surfaces (z
¼ zpi), continuity of transverse displacement is imposed,

wiðx; yÞ ¼ wa;iðx; y; zpiÞ
wiðx; yÞ ¼ wa;iþ1ðx; y; zpiÞ; i ¼ 1 … N: (15)

The thickness of the plates is neglected according to thin

plate theory.

The coupling and boundary conditions (13)–(15), to-

gether with the plate impedance Eq. (7), are expressed in

weighted residual formulations.

ðLx;i

0

ðLy;i

0

R
ðaiÞ
j uaimnðx; yÞdxdy ¼ 0 (16)

ðLpx

0

ðLpy

0

RðpiÞupmnðx; yÞdxdy ¼ 0: (17)

R
ðaiÞ
j is the error function related to the respective boundary

conditions (13) and coupling conditions (14) and (15).

R
ða0Þ
1 ¼ wa;0ðx; y; 0Þ;

R
ðaNþ1Þ
2 ¼ wa;Nþ1ðx; y; zRÞ;

R
ða0Þ
3 ¼ p

a;0
ðx; y; zsÞ � p

a;1
ðx; y; zsÞ;

R
ða1Þ
4 ¼ jxwa;0ðx; y; zsÞ þ dðxs; ysÞ � jxwa;1ðx; y; zsÞ;

R
ðaiÞ
5 ¼ wa;iðx; y; zpiÞ � wiðx; yÞ;

R
ðaiþ1Þ
6 ¼ wa;iþ1ðx; y; zpiÞ � wiðx; yÞ: (18)

RðpiÞ is the error function following from Eq. (7).

RðpiÞ ¼ r4wiðx; yÞ � k4
B;iwiðx; yÞ

�
p

a;i
ðx; y; zpiÞ � p

a;iþ1
ðx; y; zpiÞ

B0i
: (19)

The wave functions used in the field variable expansions are

used as weighting functions (Galerkin’s choice procedure),

uaimn ¼ cos
mp
Lx;i

x

� �
cos

np
Ly;i

y

� �
;

upmn ¼ sin
mp
Lpx

x

� �
sin

np
Lpy

y

� �
: (20)

With Eq. (16), the pressure amplitudes Aimn and Bimn can be

written in function of the coefficients Cipq. Equation (17)

finally results in a set of linear equations in the unknown

plate amplitudes Cipq.

4. Truncation criteria

The number of wave functions M, N, P, and Q used in

the expansion series (9) and (12) is determined by following

frequency-dependent truncation criteria,

xaiMN ’ xpiPQ � atrx (21)

where xaiMN and xpiPQ are the eigenfrequencies associated

with the room- and platemodes;

xaiMN ¼ cair

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Mp
Lx;i

� �2

þ Np
Ly;i

� �2
s

; (22)

xpiPQ ¼
ffiffiffiffiffiffi
B0i
m00i

s
Pp
Lpx

� �2

þ Qp
Lpy

� �2
 !

: (23)

In the simulations, a truncation factor atr ¼ 2.0 is used. In

the low-frequency range, a minimal number of wave func-

tions is selected to assure convergence.13

5. Calculation of STL

The STL is determined by following measurement formula:

STL ¼ Lpe � Lpr þ 10 log
S

Ar
: (24)

The sound pressure levels in emitting and receiving room

Lpe and Lpr are calculated by analytical integration of the

acoustic pressure over the respective room volumes. S is the

surface area of the element and Ar ¼ 0:16Vr=Tr the absorp-

tion area of the receiving room, with Vr the volume and Tr

the reverberation time.

STL is calculated at 81 frequencies per third octave

band. The average STL in each frequency band is calculated

from the summated sound pressure levels Lp,1/3 octave

Lp;1=3 octave ¼ 10 log
X81

i¼1

10Lp;i=10

 !
: (25)

III. EXPERIMENTAL WORK

A. Measurement setup

1. Sound transmission loss

The airborne sound insulation of different test panels

was measured in third octave bands with the pressure method
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according to ISO 140-3 in the reverberation chambers of the

Laboratory of Acoustics at the K.U.Leuven.

STL ¼ Lpe � Lpr þ 10 log
S

Ar
; (26)

where Lpe and Lpr are the mean pressure levels in third

octave bands in emitting and receiving room, respectively

(averaged over six microphone positions in each room). S is

the surface area of the test sample. Double glazing, three

types of double fiberboard walls, and two types of sandwich

panels were measured in a small transmission opening with

dimensions 1.25 m � 1.50 m. A third type of sandwich panel

was measured in the large transmission opening with dimen-

sions 3.25 m � 2.95 m (see Sec. III B). The absorption Ar is

determined by measuring the mean reverberation time Tr of

the receiving room over six microphone positions.

Each reverberation chamber has a volume V of 87 m3.

The cut-off frequency f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c3

airTr=8:8pV
p

is around 160 Hz.

The common wall in the laboratory is not parallel with the

back walls.

2. Loss factor

The total loss factor g of the installed test samples was

measured by means of the integrated impulse response

method. The impulse response of the structure is measured

with accelerometers (Dytran type 3100D24) and hammer ex-

citation. The averaged value of 24 decay curves is taken,

four measurement points � three excitation points � two

decays per point. The structural reverberation time T of the

samples is then obtained from the measured impulse

response functions according to ISO 3382. The total loss fac-

tor is retrieved from the following formula:

g ¼ 2:2

f T
: (27)

B. Test samples

1. Double glazing 6(12)8 mm

A simple double glazing, without frame, is placed on

one side of the small transmission opening. The glass panes

have thicknesses of 6 and 8 mm, resulting in coincidence fre-

quencies of approximately 2130 and 1600 Hz, respectively.

The width of the air gap is 12 mm.

2. Double fiberboard walls

A measurement series with double fiberboard walls was

set up in the small transmission opening.33 For the double-

leaf partitions, two types of fiberboard were used. The first

type of fiberboard has a smooth surface. The second type has

rough surfaces. All the plates have a thickness of 9.5 mm.

The fiberboard with smooth surface has a surface mass of

approximately 7.1 kg/m2, the rough fiberboard weighs

approximately 6.5 kg/m2. The two plates are separated from

each other with soft strips at the edges of the plates (see Fig.

6) to create an air cavity of, respectively, 3, 6, and 12 mm

depth and minimize the mechanical coupling between the

two plates. The influence of cavity absorption was further

examined by placing a 2 mm thick felt layer inside the air

cavity. The felt layer was loosely attached to one of the

plates (fiberboard with rough surfaces). As a reference, the

STL of the single fiberboard panels was also measured.

3. EPS sandwich panels

Finally, three types of sandwich panels with a core of

expanded polystyrene (EPS) were investigated (see Fig. 2).

As a reference, the STL of a basic EPS sandwich panel with

dimensions 1.50 m � 1.25 m and thickness 150 mm was

measured. The panel consists of a core of EPS with a 4 mm

fiberboard plate glued on each side (sandwich type 1). In the

second configuration, one of the fiberboard plates is

decoupled from the EPS core with 5 mm thick strips of felt

at two edges, creating a thin air cavity between fiberboard

plate and EPS (sandwich type 2). The second EPS panel had

dimensions 1.50 m � 1.25 m and a total thickness of

150 mm. A third type of sandwich panel was measured in

the large transmission opening (3.25 m � 2.95 m). Three

1.02 m � 2.95 m panels were placed in the opening. The

gaps at the edges and between the panels were filled with

mineral wool and covered with plasterboard. The panels had

a total thickness of 143 mm. The fiberboard plates, glued to

the EPS core, had a thickness of 3 mm. The core consists of

two 67 mm EPS layers, separated by three felt layers, so cre-

ating a 3 mm thick air layer (sandwich type 3).

IV. DISCUSSIONS

A. Double glazing

1. Vibro-acoustic coupling

In Fig. 4(a) the measured STL of the double glazing

6(12)8 mm is compared with TMM simulation results. All

FIG. 2. Schematic sections of EPS sandwich panels: (a) Type 1, (b) Type 2,

and (c) Type 3.
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TMM simulations assume diffuse sound field excitation, hlim

¼ 90�. The material properties used for the simulations are

given in Table I. For the loss factor, the measured values are

used [see Fig. 3(a)]. No cavity damping is taken into

account. TMM simulation for infinite structures and diffuse

sound field excitation shows a large underestimation of STL

in a broad frequency band between the mass-spring-mass-

resonance of the structure around 200 Hz and the coinci-

dence frequencies around 2000 Hz. Even after applying cor-

rection terms for the diffraction effects by spatially

windowing the results,28 or a Gaussian distribution of inci-

dent energy,27 the discrepancy remains.

Figure 4(b) shows WBM simulation results for the dou-

ble glazing structure. The reverberant rooms of the laboratory

are approximated by rectangular rooms. The dimensions used

for source and receiving room are 5.11 m � 4.11 m � 4.15 m

and 5.08 m � 4.10 m � 4.18 m, respectively. A representa-

tive value of 1.5 s is taken for the reverberation time of the

rooms. The agreement between simulation and measurement

result is good over a broad frequency range. Above the coin-

cidence dip around 2000 Hz, the WBM still overestimates the

STL. This can be due to the fact that flanking transmission at

the edges, which is not taken into account, determines the

sound transmission. In the measurement result, the dip around

the mass-spring-mass-resonance frequency is less pronounced

and broader compared to WBM simulation results. The

underestimation in STL is, however, smaller compared with

TMM simulations.

In this case, taking into account the modal behavior of

the structure and the rooms is important. The assumption of

a diffuse sound field excitation made in TMM is not realistic.

Especially for double walls, where sound transmission is

strongly dependent on angle of incidence, it is important to

FIG. 4. STL of double glazing 6(12)8 mm with dimensions 1.5 m � 1.25 m.

Measurement and simulations (without cavity absorption). (a) TMM (hlim

¼ 90�), (b) WBM.

TABLE I. Material data used in simulations.

q (kg/m3) E (Pa) g (�) m (�)

Glass 2500 62 000 � 106 …a 0.24

Fiberboard (smooth) 750 3500 � 106 …a 0.46

Fiberboard (rough) 675 3500 � 106 …a 0.46

Fiberboard (sandwich) 850 3500 � 106 0.01 0.46

EPS 15 13 � 106 0.05 0.10

aMeasured values, see Fig. 3.

FIG. 3. Measured values of total loss factor. (a) Double glazing, (b) Fiber-

board walls.
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take into account the source room characteristics.34 The

finite dimensions of the glass panes and the air layer in

between, results in a specific vibro-acoustic coupling mecha-

nism. For infinite structures, as assumed in TMM, the air

layer stiffness, as seen by the glass panes, is strongly

dependent on the angle of incidence h of the plane wave.

Therefore, the mass-spring-mass frequency fmsm is also

dependent on h.4

fmsmðhÞ ¼
1

cosh
fmsm;0

¼ 1

cos h
1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qairc

2
air

d

1

m001
þ 1

m002

� �s
; (28)

where d is the cavity depth, m001 and m002 the surface mass of

the panels. The lowest mass-spring-mass-resonance fre-

quency is obtained at normal incidence (h ¼ 0). The air stiff-

ness increases with increasing angle of incidence. This

results in a very broad mass-spring-mass-resonance dip for

infinite structures. In real structures, this unrealistic increase

of air layer stiffness is not encountered, because the air cav-

ity has finite lateral dimensions. The amount of cavity modes

with grazing incident angle is limited. As a result, the stiff-

ness of the air cavity is lower than calculated for infinite

structures.

2. Structural damping

The influence of the total loss factor g of the glass panes

on STL simulation results is shown in Fig. 5. TMM simula-

tions for infinite structures predict a minor influence of struc-

tural damping on the STL. Only around the coincidence dips

of the glass panes (1600 and 2130 Hz), there is an increase

in STL by increasing the total loss factors of the panels. In

the low-frequency range and around the mass-spring-mass-

resonance frequency of 200 Hz, damping has no influence

on TMM prediction results.

The influence of total loss factor on WBM simulations

is larger, especially between the mass-spring-mass-reso-

nance frequency and the coincidence dips. WBM simulation

results with no structural damping (g ¼ 0) predict STL of the

same order as TMM. When structural damping is introduced,

the WBM predicts a significant increase in STL in the entire

frequency range of interest. Even a little amount of damping

(g ¼ 0.025) already increases STL above the mass-spring-

mass-resonance frequency by 10–15 dB.

In the TMM, infinite structures are assumed. Sound

transmission below coincidence is dominated by forced or

non-resonant transmission.4 This mass-law behavior is inde-

pendent of the total damping of the structure. The damping

becomes important around and above the critical frequency,

where resonant transmission by coincidence is dominant.

The WBM describes the sound transmission in function of

excitation and radiation of structural modes. The amplitudes

of the resonant modes are largely influenced by the total

damping. As frequency averaged STL values are dominated

by the dips at resonances, damping can significantly influ-

ence STL values of real structures with finite dimensions,

also below the critical frequency.

3. Cavity absorption

In the TMM and WBM simulations for the double glaz-

ing, no cavity absorption is taken into account. The discrep-

ancy between measurement results and infinite layer

simulations in the frequency range between the mass-spring-

mass-resonance dip and the coincidence dip can be

explained by the finite dimensions. In literature,14,27,34–36

one often introduces cavity damping or cavity absorption

when modeling double walls with empty cavities. However,

sound absorption coefficients which are higher than the

physical sound absorption coefficients have to be assumed

for infinite models. The need for this unrealistic high cavity

damping is not encountered in the wave based model.

B. Double fiberboard walls

1. Measurement results

The STL measurement results for the double fiberboard

partitions are shown in Fig. 6.

The fiberboard partitions with smooth surface inside the

cavities show typical results, comparable with measurement

results of double glazing [see Fig. 6(a)]. In the low-fre-

quency region, the STL increase from single to double walls

is approximately 6 dB, according to the mass law. Depend-

ing on the cavity depth, a mass-spring-mass-resonance dip is

visible in the middle frequency range. The resonance fre-

quency decreases when the cavity depth increases according

to classical double wall theory. Around the resonance dip,

the STL of the double partitions is lower than the single-leaf

partition STL. At higher frequencies, the double-wall STL

surpasses that of the single-leaf partition. The improvement

is larger for wider cavities, as the double wall effect starts

from the mass-spring-mass-resonance frequency on. Around

3150 Hz, the coincidence dip of the fiberboard plates is

clearly visible.

FIG. 5. Influence of structural damping on STL of double glazing 6(12)8

mm with dimensions 1.5 m � 1.25 m. TMM (hlim ¼ 90�) and WBM simula-

tions (no cavity absorption).
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When the fiberboard partitions have a rough surface, the

improvement in transmission loss above the mass-spring-

mass-resonance frequency is almost independent of the air

cavity depth [see Fig. 6(b)]. Only around the coincidence

frequency minor improvements show up when the cavity

depth is increased. While the double partitions with smooth

surface show a clear resonance dip, the rough finishing

makes this dip less prominent. This may be linked to an

increased amount of edge damping, resulting in a higher

total loss factor [see Fig. 3(b)]. As a result, the STL of the

double partitions is higher than that of the single fiberboard

in almost all frequency bands.

The double fiberboard walls with a 2 mm thick felt layer

inside the cavity show a similar behavior [see Fig. 6(c)]:

Minor influence of cavity depth and a higher transmission

loss compared to the single fiberboard in all frequency

bands. As the felt layer introduces more absorption inside

the cavity, the improvement in transmission loss above the

mass-spring-mass-resonance frequency is larger compared to

empty cavity results.

2. Simulations

The material properties used for the fiberboards in

TMM and WBM simulations are given in Table I. No cavity

absorption is taken into account. The simulations for the sin-

gle fiberboard partition in Fig. 7(a) show good agreement

FIG. 6. Measured STL of single and double-leaf fiberboard partitions. (a)

Type 1: Smooth surface, empty cavity. (b) Type 2: Rough surface, empty

cavity. (c) Type 3: Rough surface, 2 mm felt layer in cavity.

FIG. 7. STL measurement vs TMM (hlim ¼ 90�) and WBM simulations (no

cavity absorption). (a) Single fiberboard wall, rough surfaces. (b) Double

fiberboard wall, rough surfaces, 6 mm air gap.
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with measurement results, although it is important in TMM

to take into account the finite dimensions by spatially win-

dowing the results. In the mid- and high-frequency ranges,

TMM with spatial windowing gives almost identical third

octave STL values as WBM. The infinite layer simulations

can also be approved by applying a Gaussian distribution of

incident energy. An optimal value of b ¼ 1.0 is used in

Eq. (3), higher values of b give an overestimation of STL.

For the double fiberboard walls [see Fig. 7(b)], the

TMM predicts a large dip in sound insulation around the the-

oretical mass-spring-mass-resonance frequency (around 430 Hz).

As this phenomenon is far less prominent in measurements,

a large discrepancy exists between measurements and simu-

lations in the mid-frequency range. Simulation results show

that this discrepancy cannot be explained by taking into

account a Gaussian distribution of incident energy or the fi-

nite dimensions by spatially windowing the results. This

problem was already encountered with the double glazing

structure (see Sec. IV A 1). In that case, taking into account

the modal behavior of rooms, plates, and air cavity in the

WBM gave excellent agreement with measurement. For the

fiberboard walls, the modal behavior can only partly explain

the discrepancy. The discrepancy between WBM and mea-

surement is less compared with TMM, but there is still an

underestimation in the mid-frequency range. Other effects

encountered in this type of double walls with thin air layers

must be taken into account.

3. Cavity absorption

When modeling double walls, it is important to take into

account the cavity absorption.2,14,26,27,34–36 The problem of

modeling cavity absorption was already mentioned by Hon-

gisto.17 The most problematic situation that none of the mod-

els investigated by Hongisto can deal with is very thin and

empty cavities (d < 30 mm). In this case, the surface absorp-

tion of the panels can have a strong effect even at low fre-

quencies because the in-plane sound fields cannot propagate

freely in the cavity due to wall friction. It is extremely diffi-

cult to determine the effective cavity absorption in such

cases. The application of nominal panel absorption coeffi-

cients leads to strong underestimation of STL in the models

investigated by Hongisto.

One difficulty in the determination of the effective

absorption is the presence of viscothermal damping. Due to

the viscous and thermal effects, energy is dissipated in the

air layer. The viscous shear and thermal conduction remove

energy from the vibration of the plates, which is experienced

as damping. For lightweight double wall panels with thin air

layers, this viscothermal damping level can be much higher

than structural damping in the plates and radiation damping

due to sound radiation to the environment.20–22

As seen in the previous section, the transmission loss

measurements for partitions with a rough surface show simi-

lar behavior to the double walls with felt inside the cavity.

This shows that for thin air layers, not only absorptive mate-

rial inside the cavity but also absorption at the cavity walls

strongly influences transmission loss. The amount of viscous

damping is related to the roughness of the surfaces. This

extra damping in the air layer, located at the surfaces of the

plate, is simulated by an absorption as of the cavity walls. To

model the absorption as in TMM and WBM, the absorption

is uniformly distributed over the air cavity (with volume V
and depth d), by making the wavenumber in air ka complex:

ka ¼
2pf

cair

1� j
1

2

2:2

f Teq

� �
; (29)

where

Teq ¼
0:16V

Aeq

¼ 0:16d

2as
; (30)

with Teq the equivalent reverberation time and Aeq the equiv-

alent absorption area of the cavity. To validate this assump-

tion, comparison is made with the multiple reflection

theory.2 In this model, sound incident on an infinite double

panel is treated as a ray which is successively reflected by

and transmitted through each panel. The absorption coeffi-

cient of the cavity walls is taken into account locally, by

reducing the fraction reflected by a panel with a factor (1

� as). Figure 8 shows that distributing the absorption over

the cavity is a good approximation in this case for thin air

layers.

Figure 9 shows the simulation results for the double

fiberboard partitions with rough surfaces (6 mm air gap)

when taking into account a frequency independent absorp-

tion factor as ¼ 0.02. Low values of cavity absorption, which

can be physically explained by friction at the surfaces and

viscothermal effects in the air layer, already significantly

increase the WBM predictions for transmission loss. WBM

predicts similar behavior by increasing the structural damp-

ing (see Sec. IV A 2). In the case of damping in the air layer,

the TMM also predicts a significant increase in STL, in con-

trast with the effect of structural damping. The resonances in

the air gap are damped. The air layer damping especially

reduces the obliquely incident waves.

FIG. 8. Effect of cavity absorption: Local absorption vs uniform fluid damp-

ing (double fiberboard wall, rough surface, 6 mm air gap).
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For the fiberboard walls with smooth surface (6 mm air

gap), a value of 0.01 for as gives the best agreement between

measurement and simulation results (which are not shown

here for brevity).

Basten et al.19 and Basten20 showed that viscothermal

effects in a thin air layer could largely increase plate damping,

but hardly influence transmission loss. Minor influence was

seen around the resonance dips of the structure. However,

only frequencies up to 180 Hz were investigated and damping

introduced by friction at the surfaces was not incorporated in

the model. In the mid-frequency range, the extra damping by

viscothermal effects and friction damping can significantly

increase transmission loss. Damping decreases the dips at the

plate’s and cavity’s resonances. In these frequency bands,

there are sufficient eigenfrequencies to give damping a signifi-

cant effect on the frequency-averaged transmission loss.

C. Sandwich panels

1. Measurement results

In Fig. 10, the STL measurements for the three types of

sandwich panels are shown.

The transmission loss of the standard sandwich panel

(type 1) is low in a wide frequency range, resulting in a low

single noise rating Rw. At low frequencies till approximately

250 Hz, the transmission loss is restricted by the low surface

mass (approximately 9.0 kg/m2). In the mid-frequency range

(250–1000 Hz), sound transmission is dominated by shear

wave coincidence in the EPS core.4 This is the so-called

shear-controlled frequency region. Around 1000–1250 Hz,

the dilatation resonance of the two plates on the EPS core

results in a dip in transmission loss. Above this mass-spring-

mass-resonance frequency, the STL significantly increases,

until the thickness resonance dip (of longitudinal waves in

the EPS) around 3150 Hz.

Decoupling one of the sandwich plates (type 2)

improves the transmission loss in almost the entire frequency

range of interest. The mass-spring-mass frequency is lower

compared to the first sandwich panel with both plates glued

to the EPS. This can be explained by the stiffening effect of

the glued plates on the core25 for sandwich panel type 1. The

thin air layer has a positive effect, increasing Rw by 5 dB.

The improvement in transmission loss is largest in the shear-

controlled frequency range and around the mass-spring-

mass-resonance frequency.

When a thin air layer is introduced in the middle of the

EPS core (type 3), the improvement is even larger. Although

the total thickness of sandwich panel 3 is smaller and the

fiberboards are thinner (3 mm compared to 4 mm), the single

noise rating is increased by more than 10 dB. The resonance

dip around 1000–1250 Hz is completely eliminated.

2. TMM simulations

The sandwich panels are modeled with the TMM. The EPS

core is modeled as an elastic layer. The material properties used

in the simulations are given in Table I. These are optimized for

the STL results of the first sandwich panel (see Fig. 11). The

FIG. 9. Double fiberboard wall, rough surface, 6 mm air gap. Simulations

with cavity absorption (as ¼ 0.02).
FIG. 10. Measured STL of EPS sandwich panels.

FIG. 11. EPS sandwich panel type 1: TMM simulations (hlim ¼ 90�).
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agreement between measurement and simulation is good over a

broad frequency range.

The same material properties are used for STL simula-

tions of sandwich panels 2 and 3. Figure 12 shows the results

with spatial windowing. When no cavity absorption is taken

into account, the TMM predicts a dip in sound insulation

around the theoretical mass-spring-mass-resonance fre-

quency on the thin air layer. As this phenomenon is not seen

in the measurements, a large discrepancy exists between

measurement and simulation in the mid-frequency range,

especially for sandwich panel 3.

3. Viscous damping

No dilation resonance dip is visible in the STL measure-

ment of sandwich panel 3. This can be related to the pres-

ence of extra damping in the thin air layer. As seen in Sec.

IV B 3, in a thin air layer the damping can be significant due

to viscothermal effects in the air layer and friction with the

cavity walls.

In the second panel, this phenomenon is also visible, but

less clear. The absorption created by friction in the air cavity

between plate and core is smaller. The surface of the plate is

less rough than that of the EPS. In sandwich panel 3, two

EPS surfaces are in contact with the air layer, whereas in

sandwich panel 2 only one.

Figure 12 shows the influence of cavity absorption on

TMM simulation results for sandwich panels 2 and 3. The

dip between 500 and 1000 Hz, which was predicted for panel

2 with no cavity absorption, is less pronounced when little

amounts of cavity absorption are included. The discrepancy

between measurement and TMM simulation for STL of

panel type 3 can be partly explained by absorption in the

thin air layer. However, much larger values of surface

absorption have to be used to reduce the underestimation in

the simulations.

As shown for the double walls investigated, the pre-

dicted influence of structural damping on STL was larger in

the wave based model, compared to TMM simulations. By

taking into account the modal behavior of the sandwich pan-

els and air cavities, the discrepancy between measurement

and simulations could probably be further explained. Further

numerical investigations on the modal behavior of finite,

multilayered structures with thin air layers could be useful

for better understanding.

V. CONCLUSIONS

Transmission loss of finite lightweight double walls and

multilayered structures with thin air layers is investigated in

this paper. The direct transmission between two rooms

through double walls is described by a wave based model,

where the full coupling between the room modes, air cavity

modes, and bending wave modes of the plates is taken into

account. Sound transmission through multilayered structures

is predicted by a TMM. Results with double glazing show

that it is important to take into account the modal behavior

of lightweight double walls with thin air layers. TMM pre-

dictions, where infinite structures are assumed, largely

underestimate STL in the mid-frequency range between the

mass-spring-mass-resonance frequency and coincidence fre-

quency. The need of introducing fictitious cavity damping in

analytical models for a better agreement with measurement

results is not necessary when taking into account the finite

dimensions. Furthermore, STL of multilayered structures

with thin air layers can be increased in this frequency range

by adding structural damping or damping in the air layer.

The cavity absorption in thin air layers is the result of visco-

thermal damping and friction at the cavity surfaces. WBM

simulation results have shown that a little amount of absorp-

tion can already largely improve STL. Experiments on dou-

ble fiberboard walls and EPS sandwich panels have also

confirmed the significant influence of absorption in thin air

layers, created by friction and viscous effects, on STL of

finite panels.
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FIG. 12. EPS sandwich panels: Influence of cavity absorption on TMM sim-

ulations (hlim ¼ 90�, with spatial windowing). (a) Type 2 (1.25 m

� 1.50 m), (b) Type 3 (3.06 m � 2.95 m).
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