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Abstract

A numerical approach based on a receptance method has been developed to evaluate the airborne sound insulation of

aircraft panels with stringer and ring frame attachments. Theoretical predictions have been compared with laboratory

measurements conducted on both model structures and aircraft panels. Certain parameters were varied in this study to

gauge stiffener effects on sound transmission through the panel.

For large curved aircraft panels studied here, it was found that the ring frames have little influence on sound

transmission loss in the frequency range of interest. However, the stringers may have considerable influence on the sound

transmission loss. The stringer improves the sound transmission loss for a curved panel in the vicinity of the ring frequency,

but may result in a potential deterioration above this frequency. In addition it was found that the sound transmission loss

for the composite skin attached with composite stringers was lower than that of the metallic panel attached with metallic

stringers. The results suggest that acoustical optimization design for the stringers is necessary to achieve improved airborne

sound insulation for aircraft panels.

r 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Sound transmission through aircraft panels has received much attention recently. The four year EU project,
Friendly Aircraft Cabin Environment, is an example showing such interest. Research on sound transmission
through fuselage structures is commonly based on theoretical models of infinite cylindrical shells, with and
without stiffening ribs [1–11]. Results show that two major dips dominate the description of sound
transmission loss for a large diameter cylindrical shell. The first dip occurs at the cylinder ring frequency,
where the interaction of bending forces and membrane forces in the shell leads to a minimum impedance of
structure, and the second dip appears at the critical frequency, where the wavenumber of flexural waves in the
panel are coincident with the wavenumber for acoustic pressure in air. When frequency increases to about
twice the ring frequency, the shell behaves similarly to that of a flat panel.
ee front matter r 2006 Elsevier Ltd. All rights reserved.
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If a stiffener is attached to a flat panel, it is believed that this stiffener may deteriorate the sound
transmission loss for the flat panel. The reason for this is that the wave reflections produced by the stiffener
have wavenumber components of supersonic phase velocity that may propagate at frequencies below the
uniform plate critical frequency. In short, these components increase the sub-critical radiation efficiency, thus
decreasing the sound transmission loss, [12]. Increasing the complexity of the problem further, by taking the
curvature into account, it is not straightforward to apply or modify flat stiffened panel theory to cylindrical
shells. Koval [6,7] has developed a theoretical model to analyse the influence of ring frames and stringers on
sound transmission through cylindrical shells. Numerical results indicate that the stiffeners have little effect on
transmission loss below the ring frequency, but improve the transmission loss markedly above the ring
frequency. Recently, Lee and Kim [13] developed a numerical approach based on a spatial harmonic technique
to evaluate the sound transmission through periodically ring-stiffened cylindrical shells. Again, only numerical
results with no qualifying measurement data were presented.

Although much theoretical work has been devoted to the sound transmission through cylindrical shells, the
literature records no test data and theoretical models regarding the sound transmission through curved, finite
aircraft shell panels with stringer and ring frame attachments. Due to the fact that only finite panels are
possible for manufacture and for standard laboratory measurement, the sound insulation properties of
individual finite panels are more relevant for study than that of the whole structure from the viewpoint of
manufacture and measurement. Moreover, aircraft skins are stiffened by very strong ring frames, hence the
situation of treating the response of individual panels independently is reasonable, whence it seems more
realistic to model the skin as a finite panel rather than an infinite cylindrical shell. Generally, finite curved
panels behave differently to infinite cylindrical shells; it is therefore necessary to make a comparison of the
measurement and theoretical predictions for flat and curved panels, with and without stiffeners.

The receptance method is a dynamic flexibility technique which is commonly used in the free vibration
analysis of stiffened structures. Wilken and Soedel [14,15] considered an exact and approximate method for
studying the modal characteristics of ring-stiffened cylinders with the aid of a receptance method. Lin [16]
investigated the forced vibration properties of stiffened flat plates, with an application to ship structures. In
this article, however, a numerical approach based on receptance method has been developed to evaluate the
airborne sound insulation of curved aircraft panels with stringer and ring frame attachments. Experimental
data for simple aluminum panels and aircraft panels were collected by laboratory measurement to check the
theoretical prediction. Stiffener cross-section parameters were varied to see how the stringer affects noise
transmission.

2. Theory

A description of a theoretical model is presented in this section. The section begins with a theoretical model
describing sound transmission loss through a flat rectangular panel before a description for curved panels is
given.

2.1. Sound transmission through a flat, rectangular panel

Before considering a curved panel with stingers and frames, the basic theory of sound transmission through
a flat, rectangular panel is briefly reviewed, for details, refer to [17]. Consider a simply supported, rectangular
panel occupying the region 0pxpa, 0pypb within an infinite flat baffle, see Fig. 1. Sound is incident from
one side and transmitted though the panel to other side. The differential equation governing the vibration of
panel is given in Ref. [18]:

Dr4 �mpo2
� �

w ¼ 2pi � 2pr, (1)

where w is the normal displacement of the panel, and the incident wave acting on the panel surface may be
assumed as pi ¼ exp½jðot� kxx� kyy� kzzÞ�, pr denotes the acoustic pressure radiated by the panel, D ¼

Eh3
�
12ð1� n2Þ is the bending stiffness, E the Young’s modulus, v the Poisson ratio, h the thickness of the

panel, mp the surface density of the panel, and j the imaginary unit
ffiffiffiffiffiffiffi
�1
p

. The air density and sound speed are
r0 and c0, respectively.
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Fig. 1. Schematic of sound transmission through a rectangular panel.
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Now, assume an eigenfunction for the simply supported panel as

fmnðx; yÞ ¼
2ffiffiffiffiffi
ab
p sin

mpx

a
sin

npy

b
, (2)

where m, n are positive integers.
Expanding the velocity with eigenfunctions in Eq. (2), and employing the orthogonal property of

eigenfunctions yields the following relation:

mp

2jo
o2

mnð1þ jZÞ � o2
� �

V mn ¼ Pi
mn � Pr

mn, (3)

where Vmn is modal amplitude of panel velocity, Z is panel material loss factor, omn is the in vacuo resonant
frequency of the panel, Pi

mn and Pr
mn are modal forces corresponding to external excitation and radiation,

respectively. The eigenfrequencies and the modal forces in Eq. (3) are:

o2
mn ¼

D

mp

mp
a

� 	2
þ

np
b

� 	2
 �2
, (4)

Pi
mn ¼

Z b

0

Z a

0

pifmnðx; yÞdxdy, (5)

Pr
mn ¼ r0c0

X
m0;n0

Zm0n0;mnVm0n0 , (6)

where Zm0n0 ;mn is a dimensionless modal impedance describing the contributions from the modal velocity
component. The real part of Zm0n0 ;mn, expressed as sm0n0;mn, is modal radiation efficiency which is crucially
related to sound power radiated by the panel. The imaginary part of Zm0n0 ;mn is radiation reactance, describing
virtual mass added on the vibrating surface. If the panel is assumed to be heavy in comparison with the fluid,
this part has little effect on sound transmission loss and may be omitted in this calculation.

Furthermore, as presented in Refs. [18,19], non-diagonal elements of sm0n0mn have much less effect upon
both the panel motion and the resultant sound transmission, therefore cross terms of modal radiation
efficiency are neglected in subsequent panel response and sound radiation calculation.

Substituting Eqs. (5), (6) into Eq. (3), employing the orthogonal property and omitting radiation reactance,
gives rise to modal response of the vibrating panel

V mn ¼ Y mnPi
mn, (7)

where the modal admittance Y mn is given by

Y mn ¼
2jo
mp

o2
mn 1þ jZe

mn

� �
� o2

� �1
, (8)
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and Ze
mn is the effective loss factor, defined by

Ze
mn ¼ Zþ 2

r0c0
mp

smn

o2
mn

o. (9)

The transmitted power is then obtained, on neglecting cross terms of modal radiation efficiency, as

Pt ¼
1

2
Re

Z
A

pr � v � dA

� �
¼

1

2
r0c0;

X
mn

smn Y mnj j2 Pi
mn

�� ��2, (10)

where A is the surface area of the panel. Since the incident power is given by Pi ¼ A cos y=2r0c0, the
transmission coefficient can be defined by

tðy;jÞ ¼ Pt
�
Pi ¼

ðr0c0Þ
2

cos y

X
mn

smn Y mnj j2 Pi
mn

�� ��2. (11)

The transmission loss in a diffuse field is obtained by averaging over all incident angles

TL ¼ �10log10

R 2p
0

R p=2
0 tðy;jÞ sin y cos y dydjR 2p
0

R p=2
0 sin y cos ydydj

. (12)

Note that the average of Pi
mn

�� ��2 over all incident angles is related to the modal radiation efficiencyZ 2p

0

Z p=2

0

Pi
mn

�� ��2 sin ydydj ¼
16p2

Ak2
smn. (13)

Eq. (13) exhibits the close relation between Pi
mn and smn, since the reciprocity principle requires that sound

radiation must be governed equivalently to the variables involved in the original forcing field.
The combination of Eqs. (11), (12) and (13), gives rise to an expression for sound transmission loss

TL ¼ �10 log
4p r0c0
� �2
Ak2

X
mn

Y mnj j2s2mn. (14)

In Eq. (14), the modal radiation efficiency smn for a simply supported panel has been obtained previously by
an approach due to Wallace [20]. In practice, however, the fuselage panel is never ideally simply supported.
There is always a constraint against rotation along the plate edges. Since no exact solution exists for a plate
clamped along all edges, to predict the radiation efficiency for such cases various alternative approaches have
been made available, see Ref. [20]. In the present work, the modal radiation ratio of clamped plates has been
evaluated by a method based on the modal radiation efficiency for simply supported plates. This is possible
since modal shapes for a clamped plate may be estimated rather accurately by considering an equivalent
simply supported plate with virtual dimensions depending on the modal order. As shown in Ref. [21], the
normalized eigenfunction of clamped plate may be approximated by the following expression:

fc
mnðx; yÞ ¼

2ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
amnbmn

p sin
mpx

amn

sin
npy

bmn

, (15)

where the virtual panel dimensions are given by

amn ¼
m

mþ Dm
a; bmn ¼

n

nþ Dn
b, (16a216b)

Dm ¼
na

mb

� 	2
þ 2


 ��1
þ

0:017

m

� �
; Dn ¼

mb

na

� �2

þ 2

" #�1
þ

0:017

n

� �
. (16c216d)

By implementing corresponding corrections for the calculation of modal radiation efficiency and the modal
admittance, the sound transmission loss of the rectangular panel with clamped edges can be estimated by using
Eq. (14). Strictly speaking, the approach for the panel with clamped boundary conditions is not correct since
the modes assumed in Eq. (15) are not orthogonal. However, the modal cross terms can be omitted due to
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their trivial influence on the panel motion and the resultant sound transmission, and therefore a good
approximation for this approach can be expected.
2.2. Sound transmission through a curved, rectangular panel

Now consider a simply supported, slightly curved rectangular panel occupying the region 0pxpa and
0pypb within an infinite flat baffle, see Fig. 2. Sound is incident from one side and transmitted though the
panel. The panel vibration in this study may be conveniently described by Donnell–Mushtari–Vlasov
equations [22]

Dr4wþ r2
kz�mpo2w ¼ 2pi � 2pr, (15a)

Ehr2
kw�r4z ¼ 0, (15b)

where w represents the transverse displacement of the curved panel, whilst the function z is in general known
as Airy’s stress function and was introduced to eliminate the coupled in-plane displacements [22], r is radial of
the curvature, and second-order operator r2

kð:Þ ¼ q2ð:Þ=r@x2.
Again, expanding all variables in Eq. (15) with the eigenfunctions in Eq. (2), and following the similar

procedure presented in Section 2.1, the function z in Eqs. (15a) and (15b) can be eliminated, the modal
response of the curved, rectangular panel is therefore obtained

V mn ¼ Y c;mnPi
mn, (16)

where represents the modal admittance of the curved, rectangular panel, given by

Y c;mn ¼
jo
mp

o2
c;mn 1þ jZe

mn

� �
� o2

n o�1
, (17a)

where the corresponding resonant frequency of the curved panel oc;mn is given by

o2
c;mn ¼

D

mp

mp
a

� 	2
þ

np
b

� 	2
 �2
þ

Eh

r2mp

1þ
na

mb

� 	2
 ��2
. (17b)

Therefore an expression for the sound transmission through the curved, rectangular panel is given by

TL ¼ �10log10
4p r0c0
� �2
Ak2

X
mn

Y c;mn

�� ��2s2mn. (18)

In Eq. (18), the modal radiation efficiency of the curved, rectangular panel is assumed to be that of a flat,
rectangular panel of similar dimensions. If the curved panel is confined to the scope of slightly curved, shallow
shells, then the difference of modal radiation efficiency between a curved and flat panel is small and can be
neglected, Ref. [23].
pi

pr

�0c0
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y

Fig. 2. Schematic of sound transmission through a curved, rectangular panel.



ARTICLE IN PRESS

x

y

Ls

qs κs

sth stringer

Fig. 3. A stiffened curved, rectangular panel.
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2.3. Sound transmission through a curved rectangular panel with stringer attachments

Consider a simply supported cylindrical panel with axial stiffener attachments, see Fig. 3. To analyse the
bending modes of a curved panel with stiffening stringers, it is reasonable to assume that the stiffeners
experience radial and torsional motion only, and that the modal receptances of a cylindrical shell may be
defined by its bending modes only. It is also assumed that the system is joined along middle surfaces, thus the
eccentric effects are neglected, i.e. the cross-section of each stiffener is not symmetric to the middle surface of
the shell. In reality, the ring may be joined to the panel either above or below. This influence is generally small
but has been investigated in references [14,15].

The Donnell–Mushtari–Vlasov equations governing the vibration of curved panel under the conditions of
above assumptions are given by

Dr4wþ r2
kz�mpo2w ¼ 2pi � 2pr �

XS

s¼1

qsdðy� LsÞ �
XS

s¼1

ksd
0
ðy� LsÞ, (19a)

Ehr2
kw�r4z ¼ 0, (19b)

where Ls represents the distance between sth stringers and boundary, qs, ks represents the radial force and
moment exerted on the shell wall exerted by stringers, respectively, and S represents the total number of
stringers.

An eigenfunction describing the simply supported panel deflection is again assumed as

fmðxÞfnðyÞ ¼
2ffiffiffiffiffi
ab
p sin

mpx

a
sin

npy

b
. (20)

Expanding w and z with the eigenfunction in Eq. (20) and by employing the orthogonal property yields an
equation for the modal amplitude of the panel velocity

mp

2jo
o2

c;mnð1þ jZe
mnÞ � o2

n o
V mn ¼ Pi

mn �
XS

s¼1

QsfnðLsÞ �
XS

s¼1

Msf
0

nðLsÞ, (21)

where Qs ¼
R b

0
qsfðxÞdy , Ms ¼

R b

0
ksfðxÞdy are the modal coupling force and moment at the sth stringer/shell

interface.
Rewriting Eq. (21) as

V mn ¼ Y c;mn Pi
mn � un; u

0

n

h i Q

M


 �� �
, (22)

where

Q ¼ Q1 Q2 . . . QS

h iT
; M ¼ M1 M2 . . . MS

� �T
, (23)
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un ¼ fnðLs1Þ fnðLs2Þ fnðLs3Þ . . . fnðLsSÞ
h i

, (24)

u
0

n ¼
f
0

nðLs1Þ f
0

nðLs2Þ f
0

nðLs3Þ ::: f
0

nðLsSÞ
h i

. (25)

Now recalling the governing equations of the stiffener flexural and torsional displacement given in Ref. [24]

Dsd
4
�
dx4 �mso2

� �
ws ¼ qs, (26)

Tsd
2
�
dx2 � EIwd

4
�
dx4 þ rsIpo2

� �
ys ¼ ks, (27)

where Ds and Ts are, respectively, the bending and torsional stiffness of the beam stiffener, Iw is the warping
constant of the stiffener, ms is the mass per unit length of the stringer, Zs is loss factor of the stiffeners, Ip is the
polar moment of inertia for the beam.

According to Eqs. (26) and (27), the corresponding line input modal receptances of the stringer due to the
normal force and moment are

bQ
m ¼

1

ms o2
Qmð1þ jZsÞ � o2

h i , (28)

bM
m ¼ �

1

rIs o2
Mmð1þ jZsÞ � o2

� � , (29)

where oQm and oMmare the eigenfrequencies of the stiffener for bending modes and torsional modes,
respectively, written as

o2
Qm ¼

Ds

ms

mp
a

� 	4
, (30)

o2
Tm ¼

Ts

rIs

mp
a

� 	2
�

EIw

rIs

mp
a

� 	4
. (31)

By using the definition of receptance and Eq. (24), yields

bQ
m ¼

P
n

VmnfnðLsÞ

joQs

¼
1

joQs

X
n

Pi
mn � un; u

0

n

h i Q

M


 �� �
Y c;mnfnðLsÞ, (32)

bM
m ¼

P
n

V mnfnðLsÞ

joMs

¼
1

joMs

X
n

Pi
mn � un; u

0

n

h i Q

M


 �� �
Y c;mnf

0

nðLsÞ. (33)

The combination of Eqs. (32) and (33), yields a matrix equation whose entries are themselves infinite sums

A B

C D


 �
Q

M


 �
¼
X

n

Pi
mnY c;mn

uT
n

u0Tn

" #
, (34)

where uT
n and u0Tn denote the transposes of matrices un and u0n, and the matrix elements are

As1;s2 ¼

P
n

Y mnfnðLs1ÞfnðLs2Þ; s1as2 ;

P
n

Y mnfnðLs1ÞfnðLs2Þ þ jobQ
m; s1 ¼ s2;

8>><
>>:

Bs1;s2 ¼
X

n

Y mnfnðLs1Þf
0
nðLs2Þ; Cs1;s2 ¼

X
n

Y mnf
0
nðLs1ÞfnðLs2Þ,
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Ds1;s2 ¼

P
n

Y mnf
0
nðLs1Þf

0
nðLs2Þ; s1as2;

P
n

Y mnf
0
nðLs1Þf

0
nðLs2Þ þ jobM

m ; s1 ¼ s2;

8><
>:

s1; s2 ¼ 1; 2; 3; . . . ;S. (35a-35e)

Combining Eqs. (22) and (34), yields the modal response of the curved panel

Vmn ¼ Y mn Pi
mn �

X
n0

Pi
mn0Y c;mn0Fn0

 !
, (36)

where

Un0 ¼ un u0n
h i A B

C D


 ��1 uT
n0

u0Tn0

" #
. (37)

The method above used to derive Eq. (36) extends the approach due to Lin [16], where a derivation of the
response for a stiffened flat plate under mechanical force excitation is described.

Once the response of the panel is derived, following the same procedure in the preceding section, neglecting
the cross terms of modal radiation resistance, an expression for sound transmission loss through the curved
panel with stringers is obtained, Appendix A,

TL ¼ �10log10
4p r0c0
� �2
Ak2

X
mn

Y 2
c;mnsmn smn � 2smnRe Y c;mnUn

� 
þ
X

n0

smn0 Y c;mn0Un0
�� ��2 !

. (38)

In Eq. (38), the second and third terms in the brackets represents the contribution from the stringers. Note
that if these terms are set to zero, then the equation is same as the expression of the sound transmission loss for
a curved panel without axial stiffeners, Eq. (18).

2.4. Sound transmission through a curved, rectangular panel with ring frame attachments

Now consider a simply supported cylindrical panel with stiffeners in the circumferential direction, see Fig. 4.
The corresponding equations governing the vibration of curved panel with ring frame stiffeners under the
assumptions in Section 2.3 are given by

Dr4wþr2
kz�mpo2w ¼ 2pi � 2pr �

XT

t¼1

qtdðx� LtÞ �
XT

t¼1

ktd
0
ðx� LtÞ, (39a)

Ehr2
kw�r4z ¼ 0, (39b)
x

y

Lt

qt

κt

tth ring frames

Fig. 4. A curved, rectangular panel with circumferential stiffeners.
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where Lt represents the distance between tth ring frame and boundary , qt and kt represent the radial force and
moment exerted on the shell wall by stiffeners, respectively, and T denotes the total number of ring frame
stiffeners.

If there is no circumferential force and the circumferential inertia term may be assumed to be negligible,
then the governing equations of the radial and torsional motion of a circumferential stiffener are given in Refs.
[22,25]

Dr d4
�
dy4 þ 2d2

�
r2dy2 þ 1

�
r4

� �
�mro2

� �
wr ¼ qt, (40)

Trd
2
�
dy2 � ErĪ

�
r2 þ rrIpro2

� �
yr ¼ kt, (41)

where wr and yr are radial deflection and torsional angle, respectively, Dr and kr are respectively the bending
and torsional stiffness of the ring, mr is the ring mass per unit length, Ī is the moment of the inertia of the
cross-section about axes parallel to the radial direction and Ipr is the polar moment of inertia of the ring cross-
section.

According to Eqs. (40) and (41), the line input modal receptances of the ring stiffener due to the normal
force and torsional moment are obtained

bQ
n ¼

1

mr o2
Qnð1þ jZrÞ � o2

h i , (42)

bM
n ¼ �

1

rrIpr o2
Mnð1þ jZrÞ � o2

� � , (43)

respectively, where Zr is loss factor of the ring stiffener, oQn and oMn is the eigenfrequency of the ring stringer
for bending modes and torsional modes, given by

o2
Qn ¼

Dr

mr

np
b

� 	4
�

2

r

np
b

� 	2
þ

1

r4


 �
, (44)

o2
Mn ¼

1

rIpr

EĪ

r2
þ Tr

np
b

� 	2
 �
. (45)

Following a similar procedure in Section 2.3, neglecting the cross terms for modal radiation efficiency, an
expression for sound transmission through the curved panel with attached ring frames is obtained:

TL ¼ �10 log
4p r0c0
� �2
Ak2

X
mn

Y 2
c;mnsmn smn � 2smnRe Y c;mnUm

� 
þ
X

m0

sm0n Y c;m0nUm0
�� �� !

, (46)

where

Um0 ¼ um u0m
h i Ar Br

Cr Dr


 ��1 uT
m0

u0Tm0

" #
(47)

and the matrix elements are

Ar
t1;t2 ¼

P
m

Y mnfmðLt1ÞfmðLt2Þ; t1at2;

P
m

Y mnfmðLt1ÞfmðLt2Þ þ jobQ
n ; t1 ¼ t2;

8>><
>>:

Br
t1;t2 ¼

X
m

Y mnfmðLt1Þf
0
mðLt2Þ; Cr

t1;t2 ¼
X

m

Y mnf
0
mðLt1ÞfmðLt2Þ,
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Dr
t1;t2 ¼

P
m

Y mnf
0
mðLt1Þf

0
mðLt2Þ; t1at2;

P
m

Y mnf
0
mðLt1Þf

0
mðLt2Þ þ jobM

n ; t1 ¼ t2;

8>><
>>:

t1; t2 ¼ 1; 2; 3; . . . ;T . (48a2e)

2.5. Sound transmission through a curved rectangular panel with stringer and ring frame attachments

The differential equations governing the vibration of curved panel with attached stiffeners in axial and
circumferential direction (Fig. 5) under the conditions of assumptions in Section 2.3 are given by

Dr4wþr2
kz�mpo2w ¼ 2pi � 2pr �

XS

s¼1

qsdðy� LsÞ �
XS

s¼1

ksd
0
ðy� LsÞ

�
XT

t¼1

qtdðx� LtÞ �
XT

t¼1

ktd
0
ðx� LtÞ, ð49aÞ

Ehr2
kw�r4z ¼ 0. (49b)

Following the procedure outlined in Sections 2.3 and 2.4, and neglecting the cross term of modal radiation
efficiency, an expression for sound transmission through the curved panel with stringers and ring frames is
obtained.

TL ¼ � 10log10
4pðr0c0Þ

2

Ak2

X
mn

Y 2
c;mnsmn smn � 2smnRe Y c;mnU

s
n

n o
� 2smnRe Y c;mnU
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Fig. 5. A curved, rectangular panel with axial and circumferential stiffeners.
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In Eq. (51) and (52) the entries that differ from those given in Sections 2.3 and 2.4 are given by
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X
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s ¼ 1; 2; 3; . . . ;S; t ¼ 1; 2; 3 . . . ;T . (53a253j)

3. Comparison of measurement and theoretical prediction

A detailed description of measurement data and theoretical prediction is given in this section. The section
begins with a description of experimental set up and test samples used for sound transmission loss
measurement.

3.1. Test set up and test sample description

The sound transmission losses of the panels are measured according to standard ISO 15186-1:2000 [26] with
an intensity method, see Fig. 6. The test sample is mounted in between a reverberation room and an anechoic
room. The reverberation room (6.21m� 7.86m� 5.05m) is used as the source room and a rotating
microphone is used to measure average sound pressure level. The anechoic room (7m� 5.95m� 5.8m, cut off
frequency 80Hz) is used as the receiving room and the average sound intensity level over the surface of the
sample is measured by using a scan method. The laboratory facilities available to the authors at Marcus
Panel under test 

Reverberation room 

Anechoic room 

Fig. 6. Set-up for transmission loss measurements.
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Fig. 7. Schematic of stiffener cross-section, (a) ring ribs for Panel F, (b) stringers for Panel G, (c) stringers for Panel H, (d) ring frames for

Panel G and H (mm-scale). The feet of the stringer are included in the equivalent thickness of the panel, and therefore not illustrated in this

diagram.

Table 1

Panels used in measurement

Panel Material Radius (m) Size (m2) Skin area density (kg/m2) Young’s modulus (N/m2) Stiffener Loss factor

A Aluminum N 0.8� 0.87 2.7 6.85E+10 no 0.01

B Aluminum 4 0.87� 0.91 2.7 6.85E+10 no

C Aluminum 1 0.87� 0.95 2.7 6.85E+10 no

D Aluminum 1 0.87� 0.95 2.7 6.85E+10 yes

E Composite N 0.535� 1.25 4.0 3.25E+10 no 0.15

F Composite N 0.535� 1.25 4.9 3.25E+10 Yes see Table 2

G Metallic 2 1.67� 2.2 5.4 6.85E+10 Yes

H Composite 2 1.67� 2.2 5.4 3.25E+10 yes

Fig. 8. Test arrangement for a home-made panel (Panel D), (left), side of reverberation room, (right), side of anechoic room.
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Wallenberg Laboratory for Sound and Vibration Research (MWL), KTH, Sweden are well equipped for
sound transmission loss experiments giving repeatability for measurements less than 0.5 dB throughout the
given frequency range. The intensity sound reduction index or sound transmission loss is calculated according
to the standard as

TLI ¼ LPi � 6� ðLIn þ 10 logðSm=SÞÞ, (54)
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Fig. 9. Test arrangement for a small aircraft panel (Panel F), (left), side of reverberation room, (right), side of anechoic room.

Fig. 10. Test arrangement for a large metallic panel (Panel G), (left), side of reverberation room, (right), side of anechoic room.

Table 2

Loss factors for Panels F, G and H

Frequency (Hz) 100 125 160 200 250 315 400 500 630 800 X1 k

Panel F 0.13 0.11 0.06 0.07 0.063 0.043 0.024 0.021 0.02 0.02 0.015

Panel G 0.11 0.07 0.05 0.04 0.04 0.04 0.03 0.03 0.02 0.02 0.015

Panel H 0.12 0.12 0.07 0.06 0.06 0.04 0.03 0.03 0.02 0.02 0.015

*The loss factors below 1 kHz are obtained by measurement, and above are estimated.
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where LPi is the averaged sound pressure level in the source room and LIn is the averaged sound intensity level
over the panel surface measured in the anechoic room, Sm is the measurement area and S is the area of the test
specimen. For the measurements in this study, Sm ¼ S (Fig. 7).

Eight panels shown in Table 1 are used in the measurements. In Table 1, Panel A, B and C are aluminum
panels with similar physical parameters but with different curvatures chosen to check the influence of
curvature effects. Panel D is same as Panel C but with two steel ribs attached, Fig. 8. Panel E is a small
composite aircraft panel without stringer. Panel F is the same but stiffened with densely-arranged stringers
and is heavily damped, Fig. 9. Panel G and H are large aircraft panels in which Panel G is made from
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Table 3

General parameters of stiffeners

Panel Description Weight per

stiffener (kg)

Stiffener

thickness (mm)

Stiffener height

(mm)

Density

(kg/m3)

Young’s modulus

(N/m2)

Loss factor

D Ring Rib 5 40 16 7800 2.1E+11 0.015

F Stringer 0.1 2 35 1620 3.25E+10

G Stringer 0.5 1.5 28 2700 6.85E+10

Ring frame 1.1 1.5 100 2700 6.85E+10

H Stringer 0.5 2 35 1620 3.25E+10

Ring frame 1.1 3 100 1620 3.25E+10

Fig. 11. Measured TL for the panels with different curvature: - - - - - - Panel A, flat; - - -�- - - Panel B, r ¼ 4; —J— Panel C, r ¼ 1.
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aluminum and Panel H is a composite with same weight and similar structural arrangement. Panels G and H
are stiffened with stringers and ring frames and heavily damped at the concave side, Fig. 10. The stringers
cover around 60% of the panel, the remainder without stringers are designed for allocation of windows.
Therefore, two areas, stringer area and window area, may be classified for Panels G and H. It must be noted
that the panel thickness for stringer area and window area are not the same. To avoid the complexity of the
prediction model, the equivalent thicknesses, for example, 2mm for Panel G and 3.3mm for Panel H, are
adopted in the calculation.

Table 2 shows the measured loss factors when the panels are installed. In the measurements, the panels are
clamped at the edges. The general information of the stiffeners are shown in Table 3 and Fig. 7, where the feet
of the stringers are included in the panel skin, and therefore not illustrated in Fig. 7. Also, it is worthwhile to
note that the ring ribs for Panel D are wide, heavy and quite stiff in comparison with a skin panel.

3.1. Comparison of measured and predicted sound transmission loss

3.1.1. Curvature effect

Firstly Fig. 11 shows the test results for three panels with the same physical parameters but different
curvature. One clear conclusion from Fig. 11 is that the curvature, although rather shallow, may result in
significant influence on sound transmission loss. It is evident that the curvature reduces sound transmission
around the ring frequency of the corresponding panel (f r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E=rð1� v2Þ

p .
2pr). The most effected

frequencies, however, are located slightly below rather than exactly at the ring frequency. When the
frequency is increased to about twice to that of the ring frequency, the sound transmission loss of the curved



ARTICLE IN PRESS

Fig. 12. Measured and predicted TL for Panel A: - - - - - - Measurement; —J— Cal., clamped; - - -�- - - Cal., simply supported.

Fig. 13. Measured and predicted TL for Panel B: - - - - - - Measurement; —J— Cal., clamped; - - -�- - - Cal., infinite model Ref. [3].
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panel agrees with that of the equivalent flat panel, whereas far below the ring frequency, the finite curved panel
yields much better sound insulation properties than the corresponding flat panel.

The comparison of the theoretical prediction and test are also shown in Figs. 12–14, where the predictions
from infinite model of the curved panels are also plotted according to Ref. [3]. It is found that the calculation
from the finite panel model with and without clamped correction agree well with the test result, showing that
the boundary effects for the panels studied are not obvious, see Fig. 12. The prediction also shows that the
infinite model can provide good agreement with the test results above about twice the ring frequency; however,
the finite model failed to provide good agreement close to and below the ring frequency. For the prediction
from the infinite model, the sound transmission loss is underestimated far below the ring frequency, and
moreover the least beneficial sound transmission loss always appeared at the ring frequency, whereas the
measurement and the prediction from the finite model show this dip is located below the ring frequency.
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Fig. 14. Measured and predicted TL for Panel C: - - - - - - Measurement; —J— Cal., clamped; - - -�- - - Cal., infinite model Ref. [3].

Fig. 15. Curvature influence on TL of individual mode: (a) mode (1,1); (b) mode (1,2); (c) mode (1,3); (d) mode (3,3). —— Panel A, flat;

- - - - - - - Panel B, r ¼ 4; ------ Panel C, r ¼ 1.
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The reason that the curvature reduces sound transmission loss near ring frequencies is caused by
convergence of resonance frequencies of the panel led by the interaction of bending forces and membrane
forces in the shell. The convergence not only increases the modal density of the curved panel around the ring
frequency, but also increases the sound radiation efficiency of these modes by shifting them to a relatively
higher frequency. For example, the mode (1,1) of panel A is only a few Hertz, but this mode for panel C is
about 400Hz. Fig. 15 shows examples of the sound transmission loss of individual modes of the panel with
different curvature, where the shift of resonance frequencies on sound transmission loss are evident.

For a curved, finite panel, the resonances shift from lower frequencies to higher frequencies but will never
exceed the ring frequency of a corresponding full cylinder. For example, the resonance frequencies of mode
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Fig. 16. Comparison of measured stringer influence on TL: - - - - - - Panel E; —J— Panel F.

Fig. 17. Comparison of measured and predicted stringer influence on TL: (a) Panel E; (b) Panel F; - - - - - - Cal.; —J— measurement.
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(1,1) for panel B and C are about half of the corresponding ring frequencies, see Fig. 15 and also Eq. (17b).
This explains that the least beneficial sound transmission loss measured and predicted by the finite models;
located slightly below the ring frequency, rather than at the ring frequency as predicted by the infinite model.

3.1.2. Stiffener effect

The influences of stiffeners on the sound transmission of flat panel are shown in Figs. 16–17, where two small
flat composite panels with and without stringers are tested and calculated. Figs. 16 and 17 indicate clearly that
the stringers improve sound transmission loss at low frequencies, whilst significant deterioration is observed at
relatively high frequencies. The behavior can be well explained by the effect of introduced low wavenumber
components due to boundaries or stiffening, which then subsequently increases the radiation efficiency below the
critical frequency [12]. In practice it may seem frustrating for the designer to observe no great improvement of
sound insulation even with extra damping and increased mass due to the additional stringers.

The predictive techniques follow the trends in the measurements for the stiffened panel for most of the
frequency range, Fig. 17. The discrepancies between measurement and prediction below 200Hz may be due to
the small panel size, uncertain panel boundary condition or the unconstrained boundary of the stringers at
both ends in the measurement. There is some evidence from the vibro-acoustic tests showing that the stringer
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Fig. 18. Comparison of ring stiffener influence on TL: (a) measurement; (b) calculation; - - - - - - Panel C; —J— Panel D.

Fig. 19. Comparison of measured and predicted TL for Panel D: ------measurement; —J— cal., stiffening model; - - - - - - cal., subpanel

model.
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itself may play a role on sound radiation. Such effects, however, are not covered in this article but are worth
further investigation.

The effects of circumferential stiffener on sound transmission loss are shown in Fig. 18–19, where two
curved panels with and without ring ribs are measured and calculated. From the test and theoretical
prediction, it is evident that the ribs considerably increase sound transmission loss far below the ring
frequency, while no significant influence on sound transmission loss around and above the ring frequency.
Above the ring frequency, the prediction agrees well with that of measurement, and below there are some
deviations. The deviations are tolerable if one is willing to consider that Panel D has wide stiffeners, which
may cause errors in calculation due to the line receptance assumption.

Because the stiffener is very heavy and stiff in comparison with the skin panel, it is expected that the sub-
panels between two stiffeners may behave independently of each other as frequency increases. The sound
transmission loss of the individual sub panel between two stiffeners is also calculated and shown in Fig. 19.
For the case studied, it is clear that the sub-panel model and the stiffening model give similar results above
400Hz, but for frequencies below 200Hz, the sub-panel model failed to give an accurate prediction. For
the sound transmission loss calculation, this example shows that the ring-stiffened panel can be modelled by a
sub-panel between two stiffeners in most frequency ranges if the rib is stiff enough. Compared with the
stiffening model, the sub-panel model, of course, is much simpler and requires much less calculation time.
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Fig. 20. Comparison of predicted TL for Panel G by using different model: ------ skin only; - - - - - - skin+ring frames; —J—

skin+axial stringers, f r � 420Hz.

Fig. 21. Comparison of measured and predicted TL for Panel G: ------ measurement; - - - - - - cal., skin+ring frames; —J— cal.,

skin+axial stringers.
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3.1.3. Comparison of the panels with both stringers and ring frames

Comparison of measured and predicted sound transmission loss for the curved, large aircraft panels (Panels
G and Panel H) are shown in Figs. 20–23. The study of these panels is the main purpose of this investigation.
The ring frequency and the skin critical frequency are approximate 420 and 5700Hz for Panel G; whilst,
respectively, 410 and 3700Hz for Panel H. Three models, viz., isotropic skin model, skin+ring frames model
and skin+stringers model, are calculated and compared with corresponding measurements. The model of
curved panel with both ring frames and stringers gives results similar to those predicted by the model of curved
panel with stringers only, but cost increased computational time, therefore the calculation from the model of
curved panel with both ring frames and stringer is not presented in this paper.

When compared with the prediction from the isotropic panel skin model, Figs. 20 and 22 show that the ring
stiffeners only have little influence on sound transmission loss below 400Hz, and have no effect above. The
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Fig. 22. Comparison of predicted TL for Panel H by using different model: ------ skin only; - - - - - - skin+ring frames; —J—

skin+axial stringers, f r � 410Hz.

Fig. 23. Comparison of predicted and measured TL for Panel H: ------ measurement;cal., - - - - - - skin+ring frames; —J— cal.,

skin+axial stringers.
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reason may be result from the sparsely-arranged ring frames for Panels G and H. Unlike ring frames, the axial
stiffeners slightly improve sound transmission loss below 400Hz, see Figs. 20 and 22, and above 400Hz, the
stringer effects for the metallic panel are not evident (Fig. 20), but for the composite panel, the deterioration of
sound transmission loss near 1 kHz is obvious (Fig. 22).

As the ring stiffeners almost have no effect in the frequency range of interest, it is expected that the skin/
stringer model is valid in describing the sound transmission behavior for the aircraft panel. Figs. 21 and 23
clearly show that the skin/stringer model improves the isotropic skin panel model by agreeing well with
measurement data in the frequency range of interest. The discrepancies between measured and predicted
sound transmission loss for Panel H at rather lower frequency may result from the isotropic assumption in the
calculation. For Panel H, the measured Young’s modulus shows there is a kind of orthotropic nature in the
axial and circumferential direction, but in calculations, this effect is not included.
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Fig. 24. Comparison of measured and predicted TL for Panel G and Panel H: (a) measurement; (b) prediction; —J— Panel G; - - -�- - -
Panel H.

Fig. 25. Predicted skin loss factor influence on sound transmission loss: —J— skin loss factor 10%; - - - - - - skin loss factor same as Table

2; ------ � ------ skin loss factor 1%. The stringer loss factor 1.5%, Panel G, f r � 420Hz.
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In comparing the metallic panel with the same weight composite panel, Fig. 24, both measurement and
prediction indicate that sound insulation properties of the composite panel are not as beneficial as that of the
metallic panel in the frequency range. As mentioned above, the composite stringers attached to the composite
panel play a role in this reduction, see Fig. 23.
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As an example, the influence of skin loss factor on sound transmission loss is shown in Fig. 25. The
numerical results reveal that increasing skin loss factor from 1% to 10% increases sound transmission loss
about 1–2 dB below 500Hz. In this frequency range, the sound transmission is dominant by resonance
transmission due to modal convergence and higher radiation efficiency led by curvature. At frequencies above
twice the corresponding ring frequency and but still well below the critical frequency, it is expected that the
influence of skin loss factor is not significant because the sound transmission is dominated by forced
transmission.
4. Further numerical investigation of stringer effects

Since the stringers may have potential deterioration on sound transmission loss through curved panels at
relatively higher frequencies, it is of interest to see how stringer parameters affect sound transmission loss.
Table 4 shows the panels used in numerical simulation for this purpose. In Table 4, Panels I1 and I2 are
aluminum panels, with same size and surface density but with different curvature; Panels J1 and J2 are
composites panels with same weight. The stringers attached to the panels are assumed rectangular cross-
section and same weight, Table 5. The stringers are equally spaced.

For the panels studied, Fig. 26 shows that the stringers reduce sound transmission loss above 400Hz for the
composite panels and the aluminum panels, with and without curvature. At frequencies below 400Hz, the
stringers slightly increase sound transmission loss for the curved panels, Fig. 26(c)(d), but not the flat panels,
Fig. 26(a)(b).

From Fig. 26, it is of interest to note that the stringer influence on composite panel is much larger than that
of the aluminum panel. It is evident that the sound transmission loss for composite panels with composite
stringers are much lower than that of aluminum panel with aluminum stringers, both being lower than that of
the flat panels. Such results are also validated by measurements which have been partially presented in Section
2. For the flat panels studied, however, there is no significant difference of the sound transmission loss between
the composite panel and the aluminum panel for frequencies up to 2500Hz.

The comparison of the stringer cross-section shape on sound transmission loss is shown in Figs. 27–28,
where the stringers with the same weight but different cross-section thickness and height are investigated. It is
of interest to note that the lower height cross-section of the stringer, the lower negative effect on sound
transmission loss in the frequency range is calculated. It seems that the short and wide cross-section of the
stringer reduces the curvature effect of a curved panel and may liken it to behavior more like a flat uniform
panel. The effect of cross-section shape on sound transmission loss, however, is not linear, which suggests that
an optimization design for the stringers is necessary to improve airborne insulation properties for aircraft
panels.
Table 4

Panels used in calculation

Panel Radius (m) Size (m2) Skin area density (kg/m3) Young’s modulus (N/m2) Loss factor

I1 N 1.1� 1.162 5.4 6.85E+10 Same as panel G

I2 2 1.1� 1.162 5.4 6.85E+10

J1 N 1.1� 1.162 5.4 3.25E+10 Same as panel H

J2 2 1.1� 1.162 5.4 3.25E+10

Table 5

Stringers attached to the panels used in calculation

Panel Material Thickness (mm) Height (mm) Density (kg/m3) Young’s modulus (N/m2) Stiffener Number Loss factor

I1, I2 Aluminum 1.5 30 2700 6.85E+10 6 0.015

J1, J2 Composite 2 38 1620 3.25E+10 6
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Fig. 27. Predicted stringer cross-section influences on sound transmission loss of aluminum panel: - - -�- - - flat skin only; - - - - - - curved

skin only; - - -&- - - skin with stringer attachments (6mm� 7.5mm); —�— skin with stringer attachments (3mm� 15mm); —J— skin

with stringer attachments (1.5mm� 30mm); Panel I.

Fig. 26. Predicted stringer influences on sound transmission loss: (a) Panel I1, aluminum flat panel; (b) Panel J1, composite flat panel; (c)

Panel I2, aluminum curved panel; (d) Panel J2, composite curved panel. - - -�- - - skin only; —J— skin with stringer attachments.
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5. Concluding remarks

A numerical approach based on receptance method has been developed in this article to evaluate the
airborne sound insulation of curved aircraft panels with stringer and ring frame attachments. Experimental
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Fig. 28. Predicted stringer cross-section influences on sound transmission loss of composite panel: - - -�- - - flat skin only; - - - - - - curved

skin only; —&— skin with stringer attachments (12mm� 9.5mm); —�— skin with stringer attachments (6mm� 19mm); —J— skin

with stringer attachments (3mm� 38mm); Panel J.
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data for laboratory panels and aircraft panels have been collected by laboratory measurement. Theoretical
predictions agree well with the test results in most frequency ranges of interest.

It was found that a small curvature may result in significant deterioration of the sound transmission loss at
frequencies of interest. Unlike a flat uniform panel, the prediction for curved panels from the infinite model
can not provide good agreement with the measurement close to and well below the ring frequency. However,
in this frequency range, the finite model has been proved to be applicable.

For large curved aircraft panels studied here, it was found that the ring frames have little influence on sound
transmission loss in the frequency range of interest. The reason results from the sparsely-arranged ring frames
in practical situation. Compared with the ring frames, the stringers may have significant influence on sound
transmission loss. It is evident that the stringer will slightly improve sound transmission loss of a curved panel
around the ring frequency, but it may result in potential deterioration of sound transmission loss above the
ring frequency. It is of interest to note that the sound transmission loss of the composite skin panel attached
with composite stringers is much lower than that of the metallic skin panel attached with metallic stringers.
The relatively high cross-section of the stringer may be a reason for this behaviour.

The theoretical approach presented in this article may provide a way for the acoustical optimization design
of stringers to improve airborne sound insulation for aircraft panels. The work may also be extended by
including the influence of the acoustical radiation of the stringers on sound transmission loss and is currently
underway.
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Appendix A:

From Eqs. (10) and (36), the transmitted power for the curved panel with stinger attachments may be
calculated by

Pt ¼
1

2
r0c0

X
mn

smn Vmnj j2 ¼
1

2
r0c0

X
mn

smn Y c;mn

�� ��2 Pi
mn �

X
n0

Pi
mn0Y c;mn0Un0

�����
�����
2

. (A.1)



ARTICLE IN PRESS
B. Liu et al. / Journal of Sound and Vibration 300 (2007) 949–973 973
Expanding Eq. (A1) and neglecting the cross terms of Pi
mnPi

m0n0 since the average of them over all incident
angles is related to the cross terms of modal radiation efficiency, one may have
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. (A.2)

By employing the similar procedure used in Eqs. (11), (12) and (13), the expression for sound transmission loss
through the curved panel with stringer attachments is obtained in Eq. (38).
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