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Abstract

In this paper, a method which predicts the sound radiation of aircraft panels subjected to turbulent boundary layer

excitation is described. The method is the extension of an earlier deterministic approach, where the modal expansion and

modal receptance methods were used to predict random noise transmission through curved aircraft panels with stringer

and ring frame attachments. Here, with implementation of the Corcos and Efimtsov models to characterize the dynamic

surface pressure cross-spectra, closed-form solutions for the panel displacements, radiation and transmission pressures are

derived. Numerical examples are presented to illustrate the effects of the stringers, ring frames, hydrodynamic coincidence,

curvature, in-plane tension, structural dissipation and composite material on the structural and acoustic response of the

panel.

r 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Boundary-layer-induced noise in aircraft has received increasing attention recently [1–14]. The contribution
of boundary-layer-induced noise is already significant in the current generation of aircraft, and is likely to
become more important in the future as engine noise levels are expected to be further reduced. For a typical
pressure spectrum on aircraft surface, measurements conducted by Boeing showed that the contributions from
jet noise and turbulence boundary layer (TBL) noise are of the same order except between 1 and 2 kHz, where
turbulent boundary layer pressures dominate [1–3]. Further measurements on aircraft conducted by Wilby
and Gloyna [4,5] indicated that jet noise is a more efficient exciter of vibration at lower frequencies, but above
500Hz, the situation is reversed and the boundary-layer-induced response dominates.

There are a large number of publications on the response of fuselage-like structure to TBL excitation in the
literature [15–19]. However, theoretical models directly concerned with boundary layer noise problems are
restricted to flat uniform panels without stringer attachments. An earlier model to predict TBL-induced noise
ee front matter r 2008 Elsevier Ltd. All rights reserved.
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was proposed by Graham [7], where an analytical expression to evaluate the modal excitation terms was
successfully developed and the time to calculate the excitation field was thereby significantly reduced. Another
recent attempt to predict boundary-layer-induced noise was made by Han [10,11], who did so using energy
flow analysis. The method has been proved to be successful in predicating the response of a flat isotropic panel
subjected to TBL excitation. However, the accuracy of the predicted noise radiation from the panel is not
satisfactory. The reason is rooted in the inaccuracy of this method for predicting the radiation efficiency of the
panel. As far as an aircraft panel with ring frame and stringer attachments is concerned, two difficulties arise
for this method. Firstly, there is no closed-form expression for the structural impedance, and secondly, it is not
a simple matter to estimate the radiation efficiency of the panel.

The receptance method is a dynamic flexibility technique, which is commonly used in free vibration
analysis of stiffened structures. Wilken and Soedel [20,21] considered a method for studying the modal
characteristics of ring-stiffened cylinders with the aid of a receptance method. Lin [22] investigated the
forced vibration properties of stiffened flat plates, with an application to ship structures. In an earlier paper
[23], the author extended this method to predict random noise transmission through curved aircraft panel
with stringer and ring frame attachments. In this work, the method was used to predict the noise radiation
from a stiffened panel subject to TBL excitation. The Corcos [24] and Efimtsov [25] models were used to
characterize the dynamic surface pressure cross-spectra. This approach integrates fast and accurate methods in
evaluating modal excitation terms [7] and modal radiation efficiency [27,28]. Based on these advantages, the
effects of stringers, ring frames, curvature, hydrodynamic coincidence, structural dissipation and composite
material on the structural and acoustic response for a typical aircraft panel are available to be investigated
efficiently.
2. TBL-induced noise for a rectangular panel with stringer attachments

2.1. Governing equations and velocity response

Consider a simply supported, rectangular panel with stiffener attachments in the lateral direction
(corresponding to stringer attachments for aircraft panels), see Fig. 1. The panel is driven by a boundary layer
pressure fluctuation pt, resulting from the convection velocity along the axial direction. The governing
equation then satisfies

Dr4w�mpo2w ¼ pt þ p0 � p1 �
XS

s¼1

qsdðy� LsÞ �
XS

s¼1

ksd
0
ðy� LsÞ, (1)

where w is the transverse displacement of the panel, pt(x, y, z, o) is the boundary pressure fluctuation, p0(x, y,
z, o) and p1(x, y, z, o) are the external and internal acoustic pressures, respectively. D is the bending stiffness,
mp the mass per unit area, Ls is the distance between the sth stringers and the boundary, d is the Dirac delta
function, qs and ks are the radial force and moment exerted on the skin by stringers, respectively, and S

represents the total number of stringers.
x
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Fig. 1. Schematics of a stiffened rectangular panel.
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The governing equations of the stiffener flexural and torsional displacement are given in Ref. [26]:

ðDsd
4=dx4 �mso2Þws ¼ qs, (2)

ðTs d
2=dx2 � EIw d4=dx4 þ rsIpo2Þys¼ ¼ ks, (3)

where Ds and Ts are, respectively, the bending and torsional stiffnesses of the beam stiffener, Iw the warping
constant of the stiffener, ms the mass per unit length of the stringer, Zs the loss factor of the stiffeners, and Ip

the polar moment of inertia for the beam.
An eigenfunction describing the panel deflection is assumed to be given by

fmnðx; yÞ ¼ fmðxÞfnðyÞ ¼
2ffiffiffiffiffi
ab
p sin

mpx

a
sin

npy

b
. (4)

By following the same procedure in Ref. [23], the modal velocities of the panel are derived:

Vmn ¼ Y mn Pt
mn �

X
n0

Pt
mnY mn0Un0

 !
, (5)

where Pt
mn is the modal force, and the skin/stringer coupling function Un0 is given in Ref. [23]. Now the modal

admittance Ymn may be written as

Y mn ¼
jo
mp

fo2
mn½1þ jZe

mn� � o2g�1, (6)

and omn is (m, n)th eigenfrequency and Ze
mn is the effective modal loss factor, defined by

o2
mn ¼

D

mp

mp
a

� �2
þ

np
b

� �2� �2
, (7)

Ze
mn ¼ Zþ

ðr1c1 þ r2c2Þ
mp

osmn

o2
mn

, (8)

where Z is the material damping, and smn is the modal radiation efficiency. Regarding the modal radiation
efficiency, one could refer to the recent contributions made by Li and Gibeling [27], who developed an
analytical expression for the modal radiation efficiency, and therefore were able to substantially reduce the
calculation time in comparison with a double integral formula given by Wallace [29].

2.2. Slightly curved panels with stringer attachments

Now consider a simply supported, slightly curved rectangular panel occupying the region 0pxpa and
0pypb within an infinite flat baffle, see Fig. 2. The panel is driven by a boundary layer pressure fluctuation pt,
resulting from the convection velocity along the axial direction. To analyze the bending modes of a curved
panel with stiffening stringers, it is reasonable to assume that the stiffeners experience radial and torsional
a Ls

qs κs

sth stringer

b

y

Uc

Fig. 2. Schematics of a curved rectangular panel with stiffener attachments.
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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. This
influence is generally small but has been investigated in Refs. [20,21].

The Donnell–Mushtari–Vlasov equations governing the vibration of curved panel under the conditions of
above assumptions are given by [30]

Dr4wþ r2
kz�mpo2w ¼ pt þ p0 � p1 �

XS

s¼1

qsdðy� LsÞ �
XS

s¼1

ksd
0
ðy� LsÞ, (9a)

Ehr2
kw�r4z ¼ 0, (9b)

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 [30]. In addition,
r is the radius of the curvature, Ls is the distance between the sth stringers and the boundary, qs and ks

represent the radial force and moment exerted on the shell wall exerted by stringers, respectively, and S is the
total number of stringers and second-order operator r2

kð�Þ ¼ q2ð�Þ=rqx2.
Again, an eigenfunction of Eq. (4) is assumed to describe the panel deflection. Following the same

procedure in Ref. [23], the modal velocities of the curved panel are obtained:

Vmn ¼ Y c;mn Pt
mn �

X
n0

Pt
mnY c;mn0Un0

 !
. (10)

Similar to Eq. (5), here Pt
mn is the modal force, and Un0 is the skin/stringer coupling function described in

Ref. [23]. The modal admittance Yc,mn for the curved panel may be written as

Y c;mn ¼
jo
mp

fo2
c;mn½1þ jZe

mn� � o2g�1, (11)

where oc,mn is the (m, n)th resonant frequency of the curved panel, given by [23]

o2
c;mn ¼

D

mp

mp
a

� �2
þ

np
b

� �2� �2
þ

Eh

r2mp

1þ
na

mb

� �2� ��2
. (12)

2.3. The radiated power spectrum

The spectrum of the acoustic power radiated inwards by the panel, IIr(o), is given by [7]

2pdðo� o0ÞIIrðoÞ ¼ 2

Z a

0

Z b

0

Re½p1ðx; y; 0;oÞvnðx; y; 0;oÞ�dydx ¼ 2
X
m;n

Re½p1mnvmn�, (13)

where the overbar denotes an ensemble average and d is the Dirac delta function. Using Eq. (5) and omitting
the coupling terms, p1mn and vmn can be represented in terms of forcing pressure, and the following expression
is obtained:

IIrðoÞ ¼ 2
X
mn

jY mnj
2smn Ymn � 2YmnRefY c;mnUng þ

X
n0

Ymn0 Y c;mn0Un0
�� ��2 !

, (14)

where Ymn is the terms of modal forcing. An explicit expression for the modal excitation term is given in
Appendix A according to Ref. [7].

Here, the Corcos [24] and Efimtsov [25] models are used to describe the wavenumber–frequency
spectra Yp(k, o) of boundary layer pressure fluctuations. The Corcos model is an empirical fit to wall
pressure cross-correlation measurements and can be Fourier transformed to yield an expression for the
wavenumber–frequency spectrum. A limitation of the Corcos model is the assumption that cross-correlations
are independent of boundary layer thickness. The form assumed by Corcos for the cross-correlation function
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tends to overestimate the long wavelength components of the wavenumber–frequency spectrum. For the lower
frequencies of interest, the influence of boundary layer thickness on correlation lengths cannot be ignored and
thus an improved Efimtsov model [24] is adopted. The Efimtsov model takes the Corcos form and has the
additional advantage of being derived from the data taken on aircraft over a wide range of Mach numbers
(0.41–2.1).

According to Eq. (14), the averaged dimensionless spectrum for the radiated acoustical power of a panel
based on 1/3 octave bands can be calculated by

IIav ¼
1

abDo

Z oþDo

o
IIndðoÞdo, (15)

where IInd(o) is a non-dimensional form of IIr(o), given in Ref. [7], viz., IIndðoÞ ¼ o2Ut=t2wdU2
cIIr. Then,

Eqs. (14) and (15) are used to evaluate the sound radiation of the aircraft panel subject to TBL excitation.
The averaged dimensionless response spectrum (the time, spatial and spectrum average of the square of the

surface velocity) is given by

V 2
avðoÞ ¼

1

Do

Z oþDo

o
V 2

ndðoÞdo ¼
1

2abDo

Z oþDo

o

X
mn

V 2
mnðoÞdo. (16)

The modal averaged radiation efficiency for a panel is defined by

sav ¼¼
1

Do

Z oþDo

o

P
mnV2

mnsmnP
mnV2

mn

do, (17)

and similarly, the modal averaged excitation efficiency for a flat uniform panel may be defined by

Yav ¼
1

Do

Z oþDo

o

P
mnY 2

mnYmnP
mnY 2

mn

do, (18)

which describes the averaged efficiency of the TBL forcing field. Following a similar approach in this section,
corresponding expressions for the panel with stiffener attachments in the axial direction (corresponding to ring
frame attachments) can be obtained without much extra effort.
3. Numerical study

3.1. Solution for a typical aircraft panel

The numerical study starts from the calculation of a reference case for parameters appropriate to a typical
aircraft panel. These values are given in Table 1.
Table 1

Typical aircraft panel parameters used in calculation

Free stream velocity UN (m/s) 225

Convection velocity Uc 0.7UN

Friction velocity Ut 0.03UN

Boundary layer thickness d (m) 0.1

External air density (kg/m3) 0.44

External sound speed (m/s) 300

Internal air density (kg/m3) 1.21

Internal sound speed (m/s) 340

Plate axial length a (m) 0.55

Plate lateral width b (m) 1

Skin area density (kg/m2) 5.4

Bending stiffness (Nm) 51

Structural loss factor 0.02
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Fig. 3 plots the modal averaged excitation termYav against frequency for the reference case. The calculation
covers a frequency range approximately between 100 and 5000Hz, which is lower than the critical frequency
(about 6 kHz) of the panel. The coupling effects between the forcing field and the structure result in a
filtering characteristic in the spectrum: the modal averaged excitation term increases with frequency and
reaches maximum around 1.3 kHz and then decays with frequency. The predicted behavior of the structure is
similar to the measured acceleration spectra conducted by Wilby and Gloyna [5], where the measured
acceleration spectra for the aircraft panel with a skin thickness of 0.91mm behave like a filter with a center
frequency of 1 kHz.

A dimensionless spectrum for the sound power radiated to the internal air space for the reference case is
shown in Fig. 4. Here the predicted level is comparable to Graham’s results, where a similar panel but with a
Fig. 3. Modal averaged excitation efficiency for the reference case.

Fig. 4. Predicted sound power spectrum for the reference case.
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dimension of 0.2m� 0.5m and thickness of 1mm is calculated [7]. Below 3 kHz, the panel is acting as a filter
with a center frequency of 1.3 kHz. This is similar to the spectrum of the modal averaged excitation term. The
reason for this behavior is that the hydrodynamic component reaches a maximum around 1.3 kHz and a
higher excitation level can be expected. Above 3 kHz, the frequency range is gradually close to the critical
frequency of the panel, the radiation efficiency increases dramatically, and hence the radiated sound power
increases with the frequency. At the critical frequency of the panel (about 6 kHz), the radiation efficiency of
the panel will reach maximum, since the strongest coupling between the structural free waves and acoustic
waves occurs at this frequency.

3.2. Effects of the ring frame attachments

Due to the sparse arrangement of the ring frame attachments, it has been concluded in Ref. [23] that the ring
frames have almost no influence on sound transmission through a typical aircraft panel subjected to the
excitation of an acoustical diffuse field. When the panel is excited by TBL noise, however, the scenario is
almost reversed due to the effects of hydrodynamic coincidence, where the longitudinal modal trace speed
equals the boundary layer convection velocity.

The starting point to understand the effects of the ring frame is to compare several typical panels with
different axial (longitudinal) lengths. This corresponds to a fuselage with fewer ring frame attachments, and
hence different structural modes matching with turbulent pressure field.

An example of this purpose is shown in Fig. 5, where the averaged dimensionless spectra for the sound
power radiated to the internal air space by three typical aircraft panels, respectively with the axial lengths
0.55m (reference case), 1.1m (case 1) and 2.2m (case 2) are calculated for a comparison. The calculation now
covers a frequency range approximately between 100 and 3000Hz. Again, it is evident that all panels
experience a filtering characteristic in the spectrum and radiate the greatest sound power around 1.3 kHz.
Apart from that, as illustrated in Fig. 5, the panel with shorter axial length radiates more sound in this
frequency range. Below 500Hz, this is not very obvious and all panels have similar levels of sound power, but
above 500Hz, especially between 1 and 2.5 kHz, it is of interest to note that the panel with shorter axial length
radiates much more sound.

Though the sound radiation of three panels show significant differences, the panel responses are roughly the
same at all frequencies, see Fig. 6, and consequently, the modal averaged radiation efficiency for the panel with
shorter axial length is much higher above 500Hz, see Fig. 7. This implies that TBL forcing field excites the
Fig. 5. Effects of the panel axial length on the radiated sound power: —J—, reference case; - - -B- - -, case 1; —$—, case 2.
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Fig. 6. Effects of the panel axial length on the response: —J—, reference case; - - -}- - -, case 1; —$—, case 2.

Fig. 7. Effects of the panel axial length on the modal averaged radiation efficiency: —J—, reference case; - - -}- - -, case 1;—$—, case 2.

B. Liu / Journal of Sound and Vibration 314 (2008) 693–711700
same vibration level for the panel with different axial length, but the excited modes for the panel with shorter
axial length radiate more sound.

A good point to understand the reason why the panel with shorter axial length radiates more sound is to
examine the hydrodynamic coincidence effects. The hydrodynamic coincidence happens when the axial modal
trace speed equals the boundary layer convection velocity, viz., c0/Km ¼ Uc, where Km ¼ mp/k0a. As the
example illustrated in Fig. 8, if one assumes that the flow matches the axial mode m ¼ 2 for the reference panel
at 286Hz, then the same flow at the same frequency would match the axial mode m ¼ 4 for the panel with
axial length doubled. Now comparing the modal radiation efficiencies for two panels at 286Hz, see Table 2, it
is obvious that the modal radiation efficiency of the mode m ¼ 2 of the reference panel is higher than that of
the mode m ¼ 4 of the panel with the axial length doubled. This indicates that the panel with shorter axial
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Uc

m = 2 m = 4

Fig. 8. Schematic of the flow matches with the axial mode of (a) reference case and (b) case 1, f ¼ 286Hz, Uc ¼ 159m/s.

Table 2

Comparisons of the modal radiation efficiencies of (m, n)th for the reference panel and case 1 at 286Hz

n Reference case, m ¼ 2 Case 1 (with axial length doubled), m ¼ 4

1 0.5005 0.0888

2 0.0596 0.0484

3 0.0402 0.0081

4 0.0128 0.0058

5 0.0142 0.0024

6 0.0055 0.0023

7 0.0072 0.0012

8 0.0031 0.0013

9 0.0044 0.0007

10 0.0020 0.0008

B. Liu / Journal of Sound and Vibration 314 (2008) 693–711 701
length radiates more sound at 286Hz, provided that axial modal excitation terms and vibration levels are
roughly the same for the two panels.

When the flow matches the mth axial mode of the reference panel at a specific frequency, Fig. 8 also
implies that the same flow at the same frequency would always match the 2mth axial mode of the panel with
axial length doubled. At a specific frequency far below the modal critical frequency of the panel, the lower
order axial modes always have higher modal radiation efficiencies than that of the higher order axial modes,
see Ref. [29]. Therefore, the reference case is expected to radiate more sound than the panel with larger axial
length.

The axial modal excitation term Ym plotted against the axial modal number m and frequency for the
reference case and case 1 is shown in Fig. 9. It is of interest to note that the amplitudes of the modal excitation
terms Ym for two panels are roughly the same with an increase of the frequency. However, in the same
frequency range, the lower order axial modes will be excited for the panel with shorter axial length. Therefore,
the panel with shorter axial length has higher radiation efficiency and radiates more sound power.

Finally, the effects of the ring frame attachments are investigated. The stiffeners attached to the panel are
assumed to have a rectangular cross-section and be equally spaced with a distance of 0.55m. The parameters
for the stiffeners are given in Table 3. Fig. 10 shows the radiated sound power for the reference case, case 2 and
case 2 with the axial stiffener attachments. It is clear that the axial stiffeners have a significant influence on the
radiated sound power spectra. The panel with the axial stiffeners behaves more like a sub-panel between two
stiffeners. Below 500Hz, the axial stiffeners slightly reinforce the sound radiation while dramatically
increasing it around 1.3 kHz. As explained above, the axial stiffeners make no change to the TBL excitation
efficiency, but improve the sound radiation efficiency by decreasing the axial modal numbers.

Though the panel with the axial stiffeners radiates roughly the same level of acoustical power as the sub-
panel between two stiffeners, it must be noted that the detailed spectra are not exactly the same since two
panels basically have different mechanism. This, however, is not very critical from the viewpoint of noise
control, since the frequency-band-averaged noise level is of the priority consideration. See Fig. 10(b).

3.3. Effects of the stringer attachments

It is of interest to see how stringers affect sound radiation for a typical aircraft panel. Again, the numerical
study begins with the calculation of the panels with the same parameters but with different lateral lengths.
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Table 3

Parameters of the axial stiffeners

Material Thickness

(mm)

Height

(mm)

Length

(m)

Density

(kg/m3)

Young’s modulus

(N/m2)

Stiffener

number

Loss

factor

Aluminum 1.5 100 1 2700 6.85E+10 3 0.015

Fig. 9. Variation of the modal excitation term with the axial modal number and frequency: (a) reference case and (b) case 1.

B. Liu / Journal of Sound and Vibration 314 (2008) 693–711702
This corresponds to a fuselage structure with fewer stringer attachments. Fig. 11 illustrates the radiated sound
power spectra for three panels, respectively, with the lateral length of 1m (reference case), 0.2m (case 3) and
2m (case 4). It is obvious that all panels radiate the greatest sound power around 1.3 kHz. But, unlike the
panels with different axial lengths, the flow always matches the same axial mode of the panels with different
lateral lengths at a specific frequency. This implies that the panels with different lateral lengths have the same
modal averaged radiation efficiencies when hydrodynamic coincidence happens at a specific frequency,
provided that there are enough modes into play and hence the effects of the boundary conditions on sound
radiation are not obvious. This explains that the shortest panel radiates the same lever of sound power as the
reference case above 1 kHz.

Below 500Hz, the panel with shortest lateral length (corresponding to the area between two stringers and
two ring frames) radiates more sound. In this frequency range, the ‘‘convective peaks’’, which are dominated
by strong couplings between the structural modes and TBL forcing field, are rather sparse in the radiated
sound spectrum for the smallest panel. This indicates that the influences of the boundary conditions on sound
radiation are evident for a small panel at lower frequency range. Also, as shown in Fig. 11, further increases in
the lateral length (case 4) will obtain the same level of sound power as the reference case, which implies there
are enough modes for the reference panel in the frequency range calculated. This indicates that the appropriate
dimension of the reference panel used for investigation.

The radiated sound power for the reference case with and without stringer attachments is illustrated in
Fig. 12. The parameters for the stringers are given in Table 4. The stringers are assumed to have a rectangular
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Fig. 10. Predicted axial stiffener effects: (a) averaged dimensionless sound power spectra: —J—, case 2 with axial stiffeners; —$—,

case 2; - - - - - - -, reference case; (b) dimensionless sound power spectra: ——, case 2 with axial stiffeners; - - - - - - -, reference case.

Fig. 11. Effects of the panel lateral length on the radiated sound power: —J—, reference case; —$—, case 3; - - -B- - -, case 4.

B. Liu / Journal of Sound and Vibration 314 (2008) 693–711 703
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Fig. 12. Predicted stringer effects: (a) averaged dimensionless power spectrum; (b) dimensionless power spectrum; - - - - - -, reference case;

——, reference case with stringers.

Table 4

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

A Aluminum 1.5 30 2700 6.85E+10 6 0.015

B. Liu / Journal of Sound and Vibration 314 (2008) 693–711704
cross-section and be equally spaced with a distance of 0.2m. Fig. 12 indicates that the lateral stiffeners
have a significant influence on the sound power spectrum. Generally, the lateral stiffeners increase sound
radiation below 700 kHz, and above it, the sub-panels (the panel areas between two stringers and two ring
frames) are more likely to respond independent of one another and the stringer effects are therefore not
evident.

3.4. Damping influence

Fig. 13 shows the damping influence on the TBL-induced sound radiation for the reference case, with and
without stringers attachments. Increasing the skin loss factor from 2% to 10% will reduce TBL-induced noise
radiation dramatically. The damping is effective in the whole frequency range, regardless of stringer
attachments. This is unlike airborne sound transmission, where the damping influence is not evident in the
frequency range of the forced sound transmission.
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Fig. 13. Predicted skin damping effects on TBL-induced sound radiation for (a) reference case, (b) reference case with stringers, (c) case 2

and (d) case 2 with axial stiffeners; - - -J- - -, Z ¼ 0.02; —$—, Z ¼ 0.1.

B. Liu / Journal of Sound and Vibration 314 (2008) 693–711 705
3.5. Curvature and in-plane tension influence

Aircraft fuselage structures have typically a cylindrical configuration and thereby introduce slight
curvatures in the circumferential direction. Fig. 14 shows a comparison of four panels, with and without
curvature (corresponding to a cylinder with a radius of 2m and the ring frequency close to 420Hz). When the
flat panels are not attached to stringers, as illustrated in Fig. 14(a) and (c), the curvature, even very slight, will
substantially increase sound radiation around the ring frequency. The curvature introduces the orthotropy for
the panel and results in a modal convergence around the ring frequency. The convergence not only increases
the modal density of the curved panel around the ring frequency, but also increases the modal radiation
efficiencies for these subsonic modes by shifting their resonance to relatively higher frequencies. When the
panel has stringer and ring frame attachments, we notice that the stringers reduce the panel orthotropy
generated by the curvature, and as a consequence, the curvature influence is not obvious around the ring
frequency for the panel with stringer attachments, see Fig. 14(b). The ring frame, however, does not introduce
the additional effects due to the curvature around the ring frequency, see Fig. 14(d).

Also, aircraft fuselage structures are inevitably undergoing in-plane tension driven by pressurization in the
flying condition. Fig. 15 shows the influence of in-plane tension on the radiated sound power, where the axial
and lateral tensions are assumed as Nx ¼ 29.3� 103N/m and Ny ¼ 62.1� 103N/m. For the flat uniform panel,
the in-plane tension reinforces the radiated sound in the frequency range while dramatically increasing it
below 600Hz. This is not much different for the flat panel with stringer attachments, see Fig. 5(a) and (b).
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Fig. 14. Predicted curvature effects on TBL-induced sound radiation for (a) reference case, (b) reference case with stringers, (c) case 2 and

(d) case 2 with axial stiffeners; - - -J- - -, flat; —$—, curved, with the radius of 2m.

B. Liu / Journal of Sound and Vibration 314 (2008) 693–711706
When the curvature is into play, it is evident that two frequency ranges can be classified to describe the
in-plane tension effects. In the frequency range above 200Hz, the in-plane tension increases the radiated sound
a few decibels. Below 200Hz, the in-plane tension substantially reduces the radiated sound, see Fig. 15(c) and
(d). The reason for this phenomenon is similar to the case of acoustical excitation [31] and can be explained by
the shift of resonant frequencies of the panel due to in-plane tension. 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. It is this shift
of the resonant frequency that changes the performance of a finite, curved panel and sets it distinctly apart
from a flat uniform panel.

Fig. 16 shows examples of how the in-plane tension affects the radiated sound of individual modes
of the panel. For the reference panel, the resonant frequency of mode (1,1) is about 21Hz. With
in-plane tension, the resonant frequency of this mode shifts to 88Hz. The same scenario is true for
mode (3,3), where the resonance shifts from 187 to 318Hz. These shifts will substantially increase the modal
radiation efficiency, and consequently increase the radiated sound. When curvature is introduced, the
resonance of the mode shifts even higher and there remains fewer radiation-efficient modes in lower frequency
range.

3.6. Metallic panel vs composite panel

Composite panels have great potential for aircraft applications due to the high static bending stiffness per
unit weight compared with traditional metallic panels. For a composite panel with same weight, we have
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Fig. 15. Predicted in-plane tension on TBL-induced sound radiation for (a) reference case, (b) reference case with stringers, (c) reference

case with curvature and (d) reference with stringers and curvature; - - -J- - -, without in-plane tension; —$—, with in-plane tension.

Fig. 16. Effects of in-plane tension on the radiated sound for (a) mode (1,1) and (b) mode (2,2). ——, reference case; , reference case

with in-plane tension; , reference case with curvature and in-plane tension.
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concluded in Ref. [23] that the composite panel with composite stringer attachments are not beneficial from
the viewpoint of sound transmission at relatively high frequency. When the panel is subject to TBL excitation,
it is of interest to see how the composite material affects the radiated sound.
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Fig. 17. Comparison of the radiated sound for the composite panel and the metallic panel: (a) skin only and (b) skin with stringers.

- - -J- - -, reference case with curvature; —$—, composite panel with curvature.
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Fig. 17 shows a comparison of the radiated sound for the metallic panels and the composite panels, with and
without stringer attachments. The skin bending stiffness and thickness for the composite panels are 106Nm
and 3.3mm. The corresponding critical frequency is about 4150Hz. The attached composite stringers for the
composite skin have a cross-section of 38mm� 2mm. The remaining parameters are the same as the reference
case plus curvature, including the same weight and the same size.

For the panels calculated, it seems that the composite panels, with and without stringer attachments, do not
radiate more sound compared with the same weight metallic panels in the frequency range of interest. The
composite panel with stringer attachments radiates less sound at 100 and 125Hz due to the increased stiffness
of the panel, while leaving it almost unchanged at other frequencies.

4. Concluding remarks

A deterministic approach based on modal expansion and modal receptance methods has been developed in
predicting the noise radiation of aircraft panels subjected to TBL excitation. The Corcos and Efimtsov models
were used to characterize the dynamic surface pressure cross-spectra. Closed-form solutions for the panel
displacements, radiation and transmission pressures were obtained. The advantages of this approach are
integrated with those efficient methods in evaluating the modal excitation terms and modal radiation
efficiency.

For the panels studied here, numerical results reveal that the stiffeners have significant influences on
TBL-induced noise radiation. The panel with the ring frames behaves more like the sub-panel between two
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frames. Below 500Hz, the ring frames slightly reinforce the sound radiation while dramatically
increase it around 1.3 kHz. The TBL forcing field excites the same vibration level for the panel
with and without ring frame attachments, but the excited modes radiate more sound for the panel with
ring frames. Unlike the ring frames, the stringers increase sound radiation below 1 kHz, and above 1 kHz, the
sub-panels between two bays respond independent of one another and the stringer effect is therefore not
evident.

The example also indicates that increasing the skin loss factor will reduce TBL-induced noise radiation
dramatically. The damping is effective in the whole frequency range, regardless of stringer attachments. The
curvature increases the radiated sound significantly in the range of the ring frequency for the panel without
stringer attachments, while having less effect on the panel with stringer attachments. The in-plane tension
reinforces the radiated sound dramatically at low frequencies for the flat uniform panel, but has much less
effect on the curved panel, with and without stringer attachments.

These conclusions are tentative, since the modelling approach does not account for the full frame of an
aircraft sidewall (skin panel/wall cavity/trim panel) and does not address how the transmitted sound field is
modified by the interior acoustical dynamics. However, the conclusions imply that acoustic properties must be
considered carefully from the very beginning of the design process.
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Appendix A. The modal excitation terms

The modal excitation terms are defined in Ref. [7] by an integral

Ymn ¼
1

ð2pÞ2

Z 1
�1

Ypðk;oÞjSmnðkÞj
2 d2k, (A.1)

where Yp(k, o) is the wavenumber–frequency spectrum of the forcing pressures, given by

2pdðo� o0ÞYpðkx; ky;oÞ

¼

Z 1
�1

Z 1
�1

ptðxþ rx; yþ ry; 0;oÞpn
t ðx; y; 0;o0Þ expð�jkxrxÞ exp ð�jkyryÞdrx dry, (A.2)

Smn(k) is the spatial Fourier transforms of the mode shapes

Smnðkx; kyÞ ¼

Z a

0

Z b

0

fmnðx; yÞ expð�jkxxÞ expð�jkyyÞdydx. (A.3)

The Corcos form is expressed as a narrow band spatial correlation, namely

Rpðrx; ry;oÞ ¼ YðoÞ expðjorx=Uc � rx=Lx � ry=LyÞ, (A.4)

where Y(o) is the point pressure spectrum, rx and ry the axial and lateral separations, Uc the convec-
tion velocity, Lx and Ly are the axial and lateral correlation lengths, respectively, given by Efimtsov’s
expressions

Lx ¼ d
0:1Sh

Uc=U t

� 	2

þ
5300

Sh2 þ 2235

" #�1=2
,

Lx ¼ d
0:77Sh

Uc=U t

� 	2

þ
300300

Sh2
þ 1648

" #�1=2
, (A.5)
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where Sh ¼ od=U t is a Strouhal number based on boundary layer thickness and friction velocity. Note that
2pRpðrx; ry;oÞ ¼ ptðxþ rx; yþ ry; 0;oÞpn

t ðx; y; 0;o0Þ, so Eq. (A.2) yields

Ypðk;oÞ ¼
4LxLyYðoÞ

½1þ k2
xL2

x�½1þ ðky � o=UcÞ
2L2

y�
. (A.6)

A closed-form solutions of the modal excitation terms, Ymn, are obtained by the integral of Eq. (A.1) given
in Ref. [7] and they are

Ymn ¼ fU
2
cYðoÞ=o

2gYmYn, (A.7)

where

Yn ¼
2

LyMc½L�2y þ K2
n�
þ

4K2
n

gMc

G1n

i

Ly

� 	
, (A.8)

Ym ¼
1

LzMc

1

L�2z þ ðKm �M�1
c Þ

2
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1
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c Þ

2

" #

þ
2K2

m

mMc

F 1m

1

Mc

þ
i

Lz

� 	
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1

Mc

�
i

Lz

� 	� �
, (A.9)

with m ¼ k0a, g ¼ k0a, Ly ¼ k0Ly, Lz ¼ k0Lz, Km ¼ m/pk0a, Kn ¼ np/k0b, Mc ¼ Uc/c0. The functions F1m, F2m

and G1n are given by

F1m ¼
1� ð�1Þm expðimKzÞ

ðK2
z � K2

mÞ
2

; F2m ¼
1� ð�1Þm expð�imKzÞ

ðK2
z � K2

mÞ
2

,

G1n ¼
1� ð�1Þn expðigKyÞ

ðK2
y � K2

nÞ
2

. (A.10,A.11)
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