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Abstract

A great deal of recent research related to the aeronautic industry has been devoted to the theoretical study of sound

transmission through fuselage structures. However, the literature records few test data with reference to the influence of

overpressure on sound transmission. In this article, the airborne sound transmission through curved panels under the

condition of overpressure at the concave side has been investigated experimentally and it is shown that experimental results

agree well with a theoretical prediction due to an infinite cylindrical shell model at relatively high frequencies.

Discrepancies, which occur at lower frequencies, can be explained, inter alia, by the influence of the finite size and attached

stiffeners of the panel.

At frequencies higher than the corresponding ring frequency for the curved panel, both experimental and theoretical

predictions reveal that the overpressure at the concave side tends to reduce the sound transmission loss at the rate of about

0.5 dB/10 000 Pa. While at lower frequencies, say well below the ring frequency, the overpressure may increase or reduce

sound transmission loss of a finite panel depending on the shift of resonant frequencies resulting from the overpressure.

r 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Infinite cylindrical shell theory is commonly used to model the sound transmission through fuselage
structures [1–10]. Results show that there are two major dips in sound transmission loss of a larger 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 for the structure. The second dip appears at the
coincident frequency, where the wavenumber of the structural bending waves are equivalent to the acoustic
waves. And when the frequency reaches twice that of the ring frequency, the shell behaves similarly to that of a
flat panel.

Compared with curvature effects, the influence of internal pressurization has received little attention in the
literature, see Refs. [2,3,11,12]. Generally speaking, internal pressurization results in three effects, viz. the out-
of plane deformation of skins, an increase of in-plane membrane tensions, and the mismatch of the acoustic
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properties between internal and external fluid. The aircraft skins are usually attached to extremely stiff
stringers and frames, which prevent any large out-of plane deformation of the panels from pressure difference
at both sides. It is thus reasonable to assume that the resultant out-of plane deformation is negligible. The
relation between the pressure difference and the in-plane tensions may then follow basic membrane theory.
Hence, the effects of the overpressure on sound transmission loss can be evaluated by including the in-plane
tensions within the dynamic model for the panel. Theoretical results based on infinite isotropic shell and plate
models indicate that increasing in-plane tension results in kind of reduction of sound transmission loss,
Refs. [3,11]. The mismatch of acoustics properties between internal and external medium can also be included
in a theoretical model directly.

Although much research has been devoted to modelling the sound transmission through fuselage partitions,
the literature records no test data relating to the influence of overpressure on sound transmission.
Experimental work is an important and efficient procedure for investigating airborne sound insulation
properties of panels, especially for those complicated structures such as large aircraft panels, for which
theoretical modelling is not realisable. In this article, the airborne sound transmission through aircraft panels
under the condition of overpressure at the concave side has been investigated by laboratory measurements.
The test results are compared with the theoretical predictions based on the infinite cylindrical shell model
according to Ref. [3] and the finite stiffening panel model developed in this article.

2. Experimental set-up and measurement

A description of the experimental set-up and measurement data for the influence of overpressure on the
sound transmission loss is given in this section.

2.1. Test set-up and panel description

The sound transmission loss is measured according to standard ISO 15186-1:2000 [13] with intensity method
(Fig. 1). The test sample is mounted in between a reverberation room and an anechoic room. The
reverberation room 6.21m� 7.86m� 5.05m is treated as a 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
utilized as a receiving room and the average sound intensity level over the sample surface is measured by the
scanning method. The procedure of measurement is in full accordance with the standard mentioned above.
The laboratory facilities available to the authors at Marcus 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. In addition, the
anechoic room at MWL can be pressurized, with a maximum overpressure of 8500 Pa, to gauge the influence
of the overpressure on sound reduction index. The intensity sound reduction index (or sound transmission
Panel under test

Reverberation room

Anechoic room

Pressurized 

Fig. 1. Set-up for transmission loss (TL) measurements.
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loss) is calculated according to the standard as

TLI ¼ Lpi � 6� ðLIn þ 10 logðSm=SÞÞ, (1)

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 examined in this article, Sm ¼ S.

When the anechoic room is pressurized, the air density inside the anechoic room is increased to rDP, with the
relation to r0 as

rDP ¼
DPþ Patm

Patm
r0, (2)

where r0 air density without overpressure, DP is the overpressure, Patm is ambient atmosphere pressure.
Three panels shown in Table 1 were measured to assess the overpressure effects. In Table 1, Panel A and B

are large aircraft panels (same as Panel G and Panel H in Ref. [14], respectively). Panel C is an aluminium
panel with two steel ribs attached (same as Panel D in Ref. [14]). Panel A is a metallic panel and B is a
composite panel with the same weight and a similar structural arrangement. Panels A and B were stiffened
with stringers and ring frames and heavily damped at the concave side. The stringers cover around 60% of the
panel; the remaining part without the stringer is designed for allocation of windows. Therefore, two areas, the
stringer and window area, may be classified for Panels A and B. It must be noted that the panel thickness for
the stringer area and window area are not the same. To avoid the complexity in a prediction model, the
equivalent thicknesses, for example 2.0mm for Panel A and 3.3mm for Panel B, were adopted in the
calculations. In the experiment the panels were clamped at the boundaries. Also, it is important to note that
the ring ribs for Panel C are wide, extremely heavy and stiff in comparison with the skin panel.

2.2. Effects of overpressure on sound transmission loss

Values for sound transmission losses from Panel A, measured with and without overpressure, are shown in
Fig. 2. For convenience of exposition the influence of the overpressure, Fig. 3 shows the difference of sound
transmission losses with step-up overpressure. The data obtained for different overpressures are consistent,
indicating the reliability of the measurements.

For Panel A, it is evident in Fig. 2 that two frequency ranges can be classified to describe the overpressure
effects. In the frequency range above 160Hz, the overpressure reduces the sound transmission loss of the
panel. It was found that the TL reduction was less than 1 dB in this frequency range for overpressures up to
8500 Pa. Below 160Hz, however, the overpressure seems to increase the sound transmission loss by a few
decibels.

The tendency for the overpressure to reduce sound transmission loss at relatively high frequencies can be
predicted by an infinite shell model by including the increase of in-plane tension. Whilst the increase of sound
transmission loss at lower frequencies may be caused by the shift of resonances due to the combined influence
of increasing in-panel tension and the finite-size of the panel, see the prediction model in Section 3.

Sound transmission losses for Panel B, measured with and without overpressure, are shown in Figs. 4 and 5.
On comparison of Figs. 4 and 5 with Figs. 2 and 3, it may be concluded that the overpressure influence on the
metallic and composite panels is roughly the same, indicating that the overpressure effects are not sensitive to
the panel material.
Table 1

Panels used in measurement

Panel Material Radius (m) Size (m2) Density of skin

(kg/m2)

Young’s modulus

(N/m2)

Loss factor

A Metallic 2 1.67� 2.2 5.4 6.85� 1010 Ref. [14]

B Composite 2 1.67� 2.2 5.4 3.25� 1010

C Aluminum 1 0.87� 0.95 2.7 6.85� 1010 0.01
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Fig. 3. Measured TL difference with step-up overpressure: —J— 1000Pa; - - - - -2000Pa; —— 3000Pa; 4000Pa;

- - -B- - - 5000Pa; - - -&- - - 6000Pa; - - -�- - - 7500Pa; —n— 8500Pa; Panel A, DTL ¼ TLwith pressure difference–TLwithout pressure difference.
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Fig. 2. Comparison of measured TL, with and without overpressure at the anechoic room side: —— 0Pa; - - -J- - - 8500Pa; Panel A,

fR ¼ 420Hz.
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Sound transmission losses of a relatively smaller aluminium panel, measured with and without overpressure,
are shown in Figs. 6 and 7. Two frequency ranges may be classified to describe the overpressure influence on
sound transmission loss. When the overpressure at concave side of panel is increased up to 5000 Pa, it is found
that the sound transmission loss decreases by 0.5 dB above the corresponding ring frequency for Panel C.
Below the ring frequency, it seems that the overpressure may increase or decrease the sound transmission loss,
depending on the frequency range observed. The variation of sound transmission loss up to 2.0 dB is observed
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Fig. 4. Comparison of measured TL, with and without overpressure at the anechoic room side: —— 0Pa; - - -J- - - 8500Pa; Panel B,

fR ¼ 370Hz.
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Fig. 5. Measured TL difference with step-up overpressure: —J— 1000Pa; - - - - -2000Pa; —— 3000Pa; 4000Pa; - - -B- - -

5000Pa; - - -&- - - 6000Pa; - - -�- - - 7500Pa; —n— 8500Pa; Panel B, DTL ¼ TLwith pressure difference�TLwithout pressure difference.
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for the measurement. If now comparing Panel C with Panels A and B, it may be observed that the
overpressure effects on sound insulation at lower frequencies are not similar, indicating that the overpressure
effects on sound transmission loss at the lower frequencies are sensitive to the finite size of the panel.
3. Theoretical prediction and models

Theoretical models in describing the curved panel configuration are developed in this section. The section
begins with a description of the infinite cylindrical shell model.
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Fig. 6. Comparison of measured TL, with and without overpressure at the anechoic room side: —— 0Pa; - - -J- - - 5000Pa; Panel C,
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Fig. 7. Measured TL difference with step-up overpressure: - - -B- - - 2000Pa; - - - - -3000Pa; —J— 5000Pa; DTL ¼ TLwith pressure difference

�TLwithout pressure difference, Panel C.
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3.1. Model of infinite curved panel

Before considering the problem of sound transmission through a pressurized fuselage panel, a brief review
of the basic formulae for sound transmission through an infinite flat panel (see Fig. 8) is given. The field
incident transmission loss of the infinite flat panel is defined by Eq. (3), see Refs. [3]

TL ¼ �10 log t̄, (3)

where

t̄ ¼

R 2p
b¼0

R 78�
y¼0 tðy1;jÞ sin y1 cos y1dy1djR 2p

b¼0

R 78�
y¼0 sin y1 cos y1dy1 dj

, (4)
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Fig. 8. Schema of sound transmission through an infinite flat panel.

Fig. 9. Geometry of cylindrical panel.
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tðy1;jÞ ¼
4r1c1
r2c2

1þ
r1c1

r2c2

cos y2
cos y1ð1þM cos j sin y1Þ

� �
þ

Zp

r2c2
cos y2

����
����
�2

, (5)

sin y2 ¼ ðc2=c1Þ sin y1ð1þM cos j sin y1Þ
�1, (6)

M is Mach number of the airflow; Zp refers to impedance of the infinite flat panel. The symbol t̄ is the
average of transmission efficiency, tðy1;jÞ computed over the ‘‘truncated’’ hemisphere 78�oy1o0�,
0�ojo360�, y1 and j are the angle of incident wave relative to the coordinate axes (Fig. 8), y2 and j are
the angles of the transmitted wave. The acoustic media have properties r1, c1 and r2, c2, for regions 1 and 2,
respectively.

For a slightly curved panel with single side pressurization (Fig. 9) one may neglect the effect of wave
diffraction resulting from curvature, Ref. [15], and substitute the shell panel impedance Zs for Zp in Eq. (5) to
evaluate sound transmission loss. One example of the cylindrical panel impedance under condition of
overpressure at one side is given in Ref. [3]

Zs ¼ imo 1�
f 2

f 2
c2

cos4y2 �
f 2

R

f 2
cos4j�

cos2y2
mpc2

� ðNxcos
2jþNysin

2jÞ

" #
, (7)

where f c2 ¼ ðc
2
2=2pÞ

ffiffiffiffiffiffiffiffiffiffiffiffi
mp=D

p
is the coincident frequency of the panel, f R ¼ ð1=2prÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eh=ðmpð1� n2ÞÞ

p
is the ring

frequency for an equivalent full cylinder of radius r, D the bending stiffness, E the Young’s modulus. Nx, Ny

are internal membrane stresses resulting from pressurization. If the aircraft fuselage is modelled as a cylinder
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with two end plates then the membrane stresses Nx, Ny can be assumed to take the approximate values
(see Ref. [3])

Nx ¼ DPR=2; Ny ¼ DPR. (8)

3.2. Calculation of pressurization effects for infinite curved panel

For a general enclosed structure an internal atmospheric pressurization results in the increase of in-plane
membrane tensions and a mismatch of internal–external acoustic properties. It is therefore of interest to see
how these factors affect sound transmission loss. In order to observe the effects step by step, the influences of
in-plane membrane tensions and the mismatch of acoustic properties are evaluated separately. Later the
overall influence is discussed. The comparison between measurement and prediction based on the infinite
model will be presented. The panel parameters used in calculation are shown in Table 2.
3.2.1. Influence of in-plane membrane tensions resulting from overpressure

Examples of the influence of in-plane membrane tensions, resulting from overpressure, on sound
transmission loss are shown in Fig. 10. For convenience of exposition, Fig. 11 shows the difference of sound
transmission loss when there is overpressure and when there is no overpressure.

Two dips, corresponding to ring frequency and coincident frequency, can be found in Fig. 10. At the ring
frequency, the interaction of membrane and bending forces in a shell results in theoretical zero impedance
value for the shell. While at the coincident frequency, the panel structural wavenumber is the same as the
acoustic wavenumber, which leads to a minimum impedance for the panel. Between ring frequency and
coincident frequency, the in-plane membrane tension reduces sound transmission loss with the rate of about
0.25 dB/0.1 atm. Below ring frequency the curvature of the panel increases its stiffness forcing the structure to
become less sensitive to the in-plane tension. The sound transmission loss is reduced at the rate around
0.08 dB/0.1 atm. Also it may be noted that the appearance of in-plane tension causes a small decrease in the
Table 2

Panel parameters used in calculation

Panel Material Area density (kg/m2) Radius (m) Young’s modulus

(N/m2)

Poisson ratio Loss factor

D Aluminum 4.05 2 6.85E+10 0.3 0.01
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Fig. 10. Predicted TL when there is in-plane tension difference, - - - - - - DP ¼ 0 atm; —— DP ¼ 0.5 atm; Panel D.
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Fig. 11. Predicted TL difference when there is in-plane tension difference: DP ¼ 0.1 atm; —— DP ¼ 0.3 atm;

DP ¼ 0.5atm; - - - - - - - DP ¼ 0.6 atm; DTL ¼ TLwith in-plane tension difference�TLwithout in-plane tension difference, Panel D.

0

5

10

103102 104

15

20

25

30

35

Freqency (Hz)

T
L
 (

d
B

)

Fig. 12. Predicted TL when there is mismatch of air density: - - - - - - g1 ¼ 0:8; g1 ¼ 1:0; —— g1 ¼ 1.5; Panel D.
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coincident frequency. This gives an explanation of the large jump in the difference of the sound transmission
loss around the coincident frequency (Fig. 11).
3.2.2. Influence of mismatch of acoustic properties on sound transmission loss

The overpressure introduces a mismatch of acoustic properties between external and internal fluid. To
assess the influence of mismatch of acoustic properties several limiting cases are considered in calculation.

(1) Both sides have same sound speed but different air density. The measurement performed at MWL
laboratory is similar to this situation, where the overpressure results in mismatch of air density between the
pressurized room (Anechoic Room) and no pressurized room (Reverberant Room), while the sound speeds are
roughly the same. Eq. (5), in this case, may be rewritten as

tðy1; bÞ ¼
4

g1
1þ

1

g1
þ

Zp

g1r1c1
cos y1

� ��2
(9)

with the ratio g1 ¼ r2=r1. Using Eq. (9), the influence of mismatch of air density resulting from overpressure
on sound transmission loss may be evaluated.

Fig. 12 presents examples of the dependence of sound transmission loss on the mismatch of air density. In
the following calculations, the reference fluid properties are assumed to be in ambient room conditions, i.e.,
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r1 ¼ 1:21 kg=m3 and c1 ¼ 340m=s. Therefore a value g141 indicates there is an overpressure at one side, and
g1o1 indicates an under pressure. Calculations show that increasing the ratio g1 results in a decrease of sound
transmission loss over the entire frequency range. A 10% increase in g1 results in about 0.4 dB reduction of
sound transmission loss between the ring frequency and the coincident frequency, and about 0.2 dB below the
ring frequency. Except near coincident frequencies, the calculation shows that influence of the mismatch of air
density on the sound transmission loss is larger than that of variation of in-plane membrane tension led by an
overpressure.

(2) Both sides, left and right, have the same air density but different sound speed. In this case, Eq. (3) can be
rewritten as

tðy1;bÞ ¼
4

g2
1þ

1

g2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g22sin

2y1
q

cos y1
þ

Zp

g2r1c1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g22sin

2y1
q0

@
1
A
�2

, (10)

where g2 ¼ c2=c1. This case is not commonly seen in practice. However, it is still of interest to evaluate the
influence of the mismatch of sound speed on sound transmission loss.

Examples of the variation of sound transmission loss resulting from mismatch of sound speed at two sides
of the panel are shown in Fig. 13. Again, the reference fluid properties used in calculation are assumed
r1 ¼ 1:21 kg=m3 and c1 ¼ 340m=s. Similar to the air density mismatch study, the sound transmission loss
decreases when the ratio g2 is greater than unity. For the case studied, a 10% increase in g2 results in the
reduction of sound transmission loss around 2.5 dB between the ring frequency and the coincident frequency,
and about 0.8 dB below the ring frequency. It is interesting to note that sound transmission loss for sound
speed mismatch is more sensitive in comparison with air density mismatch. This reason is that the mismatch of
sound speed results in not only a direct acoustic impedance mismatch r2c2=r1c1, but also in wave refraction,
within various expressions in expression Eq. (10).

(3) Comparison of overpressure influence between ambient ground condition (r2 ¼ r1 ¼ 1:21 kg=m3,
c2 ¼ c1 ¼ 340m=s, DP ¼ 0 Pa) and cruising flight condition at 10660m with fuselage interior pressurized to
2440m (r1 ¼ 0:382 kg=m3, c1 ¼ 299m=s, r2 ¼ 0:967 kg=m3, c2 ¼ 340m=s, DP ¼ 50 000Pa). Since the
influence of overpressure is of specific interest in this paper, the Mach number is set to zero in the calculation
for flight conditions.

Without taking into account the speed of air flow (M ¼ 0), Fig. 14 shows the in-plane tension, resulting
from pressurization, reducing sound transmission loss about 1.25 dB between ring and coincident frequency,
and about 0.4 dB below ring frequency. The mismatch of acoustic properties improves sound transmission by
about 4.0–5.0 dB throughout the whole frequency range. The total influence on sound transmission loss
resulting from mismatch of acoustics properties and in-plane tension is around 3.0–4.0 dB.
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Fig. 13. Influence of mismatch of sound speed on TL: - - - - - - g2 ¼ 0.9; g2 ¼ 1.0; —— g2 ¼ 1.1; Panel D.



ARTICLE IN PRESS

40

35

30

25

20

15

10

5

0

T
L
 (

d
B

)

102 103 104

Frequency (Hz)

Fig. 14. TL between ground condition and cruising flight height (M ¼ 0): - - - - - - r1 ¼ 0:382kg=m3; r2 ¼
0:967kg=m3; c1 ¼ 299m=s; c2 ¼ 340m=s; DP ¼ 0 atm; r1 ¼ 0:382kg=m3; r2 ¼ 0:967kg=m3; c1 ¼ 299m=s; c2 ¼
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The final example in this section shows the influence of overpressure on sound transmission loss for the
same panel in laboratory conditions. For real aircraft structures, skin panels are usually attached with
stringers in the axial direction. The stringers are extremely stiff and densely arranged and undertake most of
the in-plane tension due to overpressure in the axial direction. Therefore, for real aircraft skin panels, it is
reasonable to assume that overpressure only results with in-plane tension in the circumferential direction,
whilst the effect in the axial direction may be neglected. In this case, the relation of in-plane membrane tension
and overpressure assumed by Eq. (8) may modified by

Nx ¼ 0; Ny ¼ DP� R. (11)

Eq. (11) is used to evaluate the influence of overpressure in laboratory conditions.
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Results of influence of overpressure under laboratory conditions are shown in Fig. 15. At first glance it
seems there is a contradiction between Figs. 14 and 15. Fig. 14 shows that the sound insulation properties at
the flight condition are better than the ground condition, while Fig. 15 indicates that the pressure difference
tends to reduce sound transmission loss in the laboratory condition. The reason for this ‘‘apparent’’
contradiction is the reference data: the ground condition is the reference state for both calculations. In the
laboratory condition, the ground condition is also the condition of the room without overpressure
(reverberation room). However, in the flight condition, the air density and sound speed outside the fuselage
are much lower than that in the ground condition. Results shown in Fig. 14 are actually the effects of all
influences, i.e. the lower air density, lower sound speed and the pressurization. Since the measurements are
performed at ground level, it is quite reasonable to gather and infer some knowledge of the difference of
overpressure influence between laboratory and practical flight conditions.

Under laboratory conditions, Fig. 15 shows that the overpressure at the concave side reduces sound
transmission loss with a rate of about 0.5 dB/0.1 atm between ring frequency and coincident frequency, and
about 0.2 dB/0.1 atm below ring frequency.
3.2.3. Comparison between measurement and prediction

Examples of the comparison between measurement and calculation based on the infinite model are shown in
Fig. 16(a) and (b), corresponding to Panel A and B, respectively. In the calculation, the panels are modelled by
curved, uniform panels with equivalent thickness, i.e., 2mm for Panel A and 3.3mm for Panel B.

It is evident that agreement between measurement and prediction is good at relatively high frequencies. At
lower frequencies, however, the measurement and prediction results are less in agreement: the theoretical
model predicts a decrease of sound transmission loss for all frequencies, while the measurements show an
increase in sound transmission loss at low frequency. This indicates that the infinite model is not able to
predict the acoustic performance of the finite stiffening panel at low frequencies, even if the change in sound
transmission loss is of concern.

In order to overcome the discrepancies between measurement data and calculation results, one may improve
the prediction model by considering a finite model with circumferential frame attachments. An analytical
model based on modal expansion is developed in Ref. [14] to predict sound transmission loss for finite curved
panels with and without circumferential frame attachments, the predicted overpressure influence on sound
transmission loss, however, is given in the following section:
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Fig. 16. Predicted overpressure influence on TL, comparison of measurement and prediction: —J— measurement; - - - - - - predicted by

infinite model; (a) Panel A; (b) Panel B; DP ¼ 8500Pa, DTL ¼ TLwith overpressure�TLwithout overpressure.
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3.3. Calculation of overpressure effects for curved panels with ring stiffeners

3.3.1. Overpressure effects for curved panels

A 1mm isotropic aluminium panel 0.87m� 0.95m, effective radius 1m with a loss factor 0.01 is examined
for sound transmission loss numerically. The laboratory conditions, viz., Eq. (2) and (11), are assumed in the
calculations to investigate the mismatch of the acoustic properties and the in-plane tensions caused by the
overpressure.

The influence of overpressure on sound transmission loss is shown in Fig. 17. For high frequencies, above
twice that of the ring frequency, the influence of the overpressure is roughly the same as that for an infinite
panel, i.e. the sound transmission loss decreases at the rate of about 0.5 dB /10 000 Pa.

If the frequency decreases further, the behaviour of the finite panel is somewhat different from that of an
infinite panel. With overpressure, it is clear in Fig. 17 that the sound transmission loss up to 200Hz is
improved significantly, but as frequency increases the sound transmission loss is decreased. Experiments also
support this observation: when the frequency is much lower than the corresponding ring frequency, the
overpressure will increase the sound transmission loss rather than to decrease as for an infinite cylindrical
shell. Unfortunately, experiments for this panel cannot reach this high level of overpressure due to safety
reasons and hence are not shown in this diagram.

The reason for this phenomenon can be explained by the shift of the resonant frequencies of the panel due to
the increase of the in-plane tension driven by the overpressure. It is not difficult to show that when the in-plane
tension is increased and the panel becomes stiffer, all modes shift to higher frequencies, with the modes of high
circumferential order shifting more since these modes are more membrane tension controlled. It is this shift of
the resonant frequency that changes the performance of a finite, curved panel and sets it distinctly apart from
an infinite cylindrical shell.

Fig. 18 shows the influence of the overpressure on the sound transmission loss of individual modes of the
panel. The resonant frequency of each mode is located approximately at the frequency with the minimum
sound transmission loss. When there is no overpressure, due to the curvature effect, the resonant frequency of
the mode (1, 1) for this curved panel is about 400Hz, and the resonant frequencies of the higher-order
circumferential modes are located below 400Hz, while the higher-order axial modes are higher than the first
mode. When there is overpressure, the higher-order circumferential modes are shifted to higher frequencies,
while axial modes are less affected. As a result, more modes are concentrated in the frequency region around
half of the ring frequency (fRE850Hz), and the sound transmission losses at the frequency bands nearby are
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Fig. 17. Predicted overpressure influence on TL, 1mm aluminium panel: —— DP ¼ 0 atm; - - -J- - - DP ¼ 0.2 atm; - - -n- - - DP ¼ 0.5 atm.



ARTICLE IN PRESS

Fig. 18. Predicted overpressure influence on TL of individual modes, 1mm aluminium panel: —— DP ¼ 0 atm; - - - - - - - DP ¼ 0.1 atm;

DP ¼ 0.3 atm; (a) mode (1,1); (b) mode (2,1); (c) mode (3,1); (d) mode (1,2); (e) mode (1,3); (f) mode (1,4).
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considerably reduced by the overpressure. In addition the sound transmission losses at lower frequency bands
are increased by the overpressure, as fewer radiation-efficient modes exist.
3.3.2. Overpressure effects for curved panels with ring stiffeners

A panel with the same parameters as used in Section 3.3.1 but attached with two ring stiffeners is examined.
The stiffener is assumed to be made of aluminium and equally spaced and has a rectangular cross-section with
height 80mm and width 2mm. The loss factor 0.01 for the stiffener is assumed.

The acoustic behaviour of the panel with ring stiffeners, Figs. 19 and 20, with and without overpressure is
similar to that of isotropic panel for relatively high frequencies. But at low frequencies, less fluctuation of
sound transmission loss is observed for the ring-stiffened panel in comparison with that of the isotropic panels.
3.3.3. Comparison of measurement and prediction

Figs. 21 and 22 show the comparison between measurements and prediction for Panels A, B. As a reference,
calculations based on infinite panel theory are also included in the figures. In a relatively high frequency range,
for the studied case above ring frequency, the finite model including ring stiffeners and infinite isotropic model
gives almost identical results of the overpressure influence. Results also agree well with measurements in the
higher frequency range. At lower frequencies, the infinite model prediction significantly differs with the
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Fig. 19. Influence of overpressure on TL, 1mm aluminium panel attached with two ring stiffeners, simply supported: - - - - - -DP ¼ 0.1 atm;

—— DP ¼ 0.5 atm.
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Fig. 20. Predicted overpressure influence on TL difference, 1mm aluminium panel attached with two ring stiffeners, simply supported:

- - -J- - - 0.1atm; - - - - - - DP ¼ 0.3 atm; —— DP ¼ 0.5 atm.
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measurements, while the finite model can still describe the performance of the panel correctly. Both panels
experience some improvement of sound transmission loss caused by overpressure at low frequencies.

4. Concluding remarks

The airborne sound transmission through curved, aircraft panels under the influence of overpressure at the
concave side has been investigated in this paper. The measurement data has been collated under laboratory
conditions, and the theoretical model including finite size panels and ring stiffeners has been developed. It was
found that the test results agree well with the theoretical prediction of infinite cylindrical shell model above the
ring frequency, but considerable discrepancies occur well below the ring frequency. This has been explained
partly through some assumptions within the theoretical model including a finite size panel and modelling of
stiffeners of the panel.

At frequencies higher than the ring frequency, both test and theoretical results reveal that the overpressure
under laboratory conditions tends to reduce the sound transmission loss at the rate of about 0.5 dB /10 000 Pa,
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Fig. 21. Influence of overpressure on TL, comparison of measurement and prediction, DP ¼ 8500Pa, Panel A: —J— measurement;

- - - - - - predicted by infinite model; - - -�- - - predicted by finite model with stringer attachments, Ref. [14].
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Fig. 22. Influence of overpressure on TL, comparison of measurement and prediction, DP ¼ 8500Pa, Panel B: —J— measurement;

- - - - - - predicted by infinite model; - - -�- - – predicted by finite model with stringer attachments, Ref. [14].
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where 80% of the reduction results from the mismatch of air density, and 20% from the in-plane tension
driven by the overpressure. While at low frequencies, below the associated ring frequency, the influence of the
overpressure is dominated by the shift of the resonant frequencies due indirectly by the increased in-plane
tension resulting from the combined influence of overpressure, finite panel size and stiffeners attached to the
panel. These combined influences may increase or decrease sound transmission loss, depending on panel
details and frequency range of observation.
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