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Abstract

A power flow analysis based on a substructure approach is performed to exhibit vibration transmission in a complex
coupled beam-cylindrical shell system. The system is divided into a shell substructure and a beam substructure, which
are coupled by three spring-dampers. The theoretical receptance function of each substructure with a free-free interface
condition is formulated by modal analysis to describe the dynamical behavior. On the basis of the receptance functions
of the two substructures as well as synthesis through the geometrical compatibility and force balance conditions at the
coupling interfaces, the dynamic characteristics of the coupled system are calculated. Both the input and transmitted
powers within the system are estimated, and the influences of the excitation locations, the stiffness and loss factor of
the spring-dampers on the vibration transmission are investigated as well.
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1. Introduction

During navigation the engine and propeller will ex-
cite hull structures through the shaft and bearings.
The induced stern vibrations and sound transmission
are potential threats for submarines. Hence, it is im-
portant to reduce the vibration level of the stern.

Over the past few decades, most work has been
conducted to investigate the characteristics of the hull
and propeller shafting system of a submarine. Ruotolo
[1] compared various shell theories in computing the
natural frequencies of cylinders stiffened with rings
and stringers, where the effect of stiffeners was con-
sidered. The influence of external fluid loading on the
dynamic response of fluid-filled cylindrical shells was
also investigated [2, 3]. Ross [2] used the finite ele-
ment and boundary element techniques to obtain the
natural frequencies of a submerged cylindrical shell.
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Merz et al. [4] discussed the far-field radiated sound
pressure of a submerged cylinder through an analyti-
cal formulation.

In addition, Wang and Daley [5] examined the ac-
tive control at the propeller shafting system and found
that it is possible to design a controller to reduce vi-
bration levels of both the thrust block and the propel-
ler. Goodwin [6] investigated the reduction of exces-
sive vibration in the propeller shafting system by
using a hydraulic device known as a resonance
changer. In his study, a simple spring-mass model of
the propeller shafting system is used and the coupling
between the shafting system and the hull is not con-
sidered. By using the resonance changer, Dylejko [7-
8] further studied the vibration transmission in marine
vessels, and the dynamic response of the propeller
shafting system is exhibited, where the hull is mod-
eled as a one-dimensional rod for an initial approxi-
mation.

Most work has investigated the submarine hull and
the propeller shafting system. However, few re-
searches have taken into account the coupling be-
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tween them. The stern is a complicated structure,
which consists of hulls, shaft, propeller and engine.
To control the vibration, it is apparently insufficient to
only investigate the characteristics of hulls and the
shafting system, respectively. Therefore, the stern or
the submarine is necessarily regarded as a whole sys-
tem, considering the coupling effects between hulls
and the shafting system.

To reduce the vibration and noise level, it is a good
practice to isolate transmitted vibration power flows
from the sources. Understanding the power flow from
a vibration source to other parts of a structure, and the
reduction of its transmission is of practical interest.
Hence, it is necessary to quantify not only the vibra-
tion level but also the transmission of vibration en-
ergy in the structures. One way to determining vibra-
tion energy transmission is by conducting a power
flow analysis (PFA).

Power flow analysis is very useful for the meas-
urement of vibration energy injected or transmitted
into structures and for controlling of noise and vibra-
tion in industries. This method can be successfully
used for identification and ranking of transmission
paths of vibration power flow in structures. It is not
possible to obtain enough information by experimen-
tal modal analysis as it generally deals with the modal
parameters such as mode shapes, loss factors and
natural frequencies to characterize the vibration of a
built up structure. As a result, this method can practi-
cally be used in industries for noise and vibration
control, giving a guide to isolation of vibration
sources as well as damping treatments to most energy
transfer surfaces in the structures.

The fundamental concept of power flow was pro-
posed by Noiseux [9] and Pavic [10] in the early
1970s, aiming to develop measurement techniques of
power flow for simple structural elements. Noiseux
measured the vibration intensity in uniform plates and
beams vibrating in flexure. Recently, this approach
has been further developed and used widely to model
complex structures [11, 12], access vibration control
systems [13-15] and identify damage of structures
[18-20]. Cuschieri [11] used a mobility method to
analyze the power flow in L-plates. Lu and Wang
[13] studied the structure-borne vibration power flow
transmission for a steel construction parking tower.
Xiong et al. [14] developed progressive approaches to
PFA and applied them to a complex coupled floating
raft vibration isolation system. In addition, the con-
cept of a power flow density vector developed by

Xing and Price [16, 17] was further investigated. The
magnitude and direction of the power flow density
vector at any location of the structure were calculated
and used to identify the damage location [18-20]. Lee
et al. [19] calculated the diversion of energy flow near
crack tips of a vibrating plate, showing that a crack
can be identified by the changes of the directions of
intensity vectors near the crack. Wong [20] studied
the power flow and energy distribution of a vibration
mode of a damaged plate, and found that the modal
power flow is effective and more sensitive for dam-
age identification.

For complex structures, finite element analysis [21-
23] (FEA) is often used to analyze the dynamic be-
havior with good accuracy in the low-frequency range.
Jenkinseta [21] used a finite element model to dem-
onstrate the detailed dynamics of a typical raft-
isolation-receiver system using secondary force in-
puts in parallel with a passive isolation system. Qu
and Selvam [22] developed dynamic condensation
method to reduce the number of degrees of freedom
of finite element models for a damped system. Xu
[23] investigated the intensity of a rectangular plate
with stiffeners using the finite element method. The
finite element method can conveniently model struc-
tures with complex boundary conditions. However, in
general, it is necessary to adopt a large number of
modes into an analysis to ensure the convergence of
solution. In this circumstance, FEA encounters diffi-
culties due to the required computation load. To over-
come this disadvantage, Wang et al. [24] proposed a
substructure method to analyze the power flow,
where the complex system is divided into many sub-
structures and the dynamic responses of the structure
are obtained efficiently by analytical methods.

In this paper, the submarine stern is simplified to a
beam-cylindrical shell system. The vibration trans-
mission in the system is investigated by using the
power flow analysis. In Section 2, the theoretical
receptance function of each substructure with a free-
free interface condition is formulated by modal analy-
sis to describe the dynamic behavior of each substruc-
ture. The input and transmission power flow formulas
are presented in Section 3. In Section 4, influences of
the excitation locations, stiffness and loss factor of the
spring-dampers on the power flow transmission charac-
teristics are investigated by simulation.
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2. Substructure approach

As shown in Fig. 1, the submarine stern consists of
hulls, shaft, propeller, engine and so on, and the shaft
and hulls are coupled by three bearing links. In gen-
eral, the hulls are modeled as cylindrical shells since a
more detailed modeling of hulls has very little effect,
as reported by Merz et al. [4]. Hence, in this analysis,
the stern is simplified to a beam-cylindrical shell sys-
tem. The hull and the shaft are modeled as a cylindri-
cal shell and a beam, respectively. They are coupled
by three spring-dampers, standing for the bearing
links between the hull and the shaft. The coupled
system is excited at the two ends of the beam to simu-
late the exciting forces of the propeller and the engine,
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respectively. The beam-cylindrical shell system is
illustrated in Fig. 2. By the substructure approach, the
system can be separated into two subsystems. In this
section, the theoretical receptance function of each
substructure with a free-free interface condition is
formulated by modal analysis to describe the dynamic
behavior.

2.1 Vibration of the cylindrical shell

As shown in Figs. 2(b) and 2(c), the shaft and hull
are treated as a single uniform beam and a uniform
cylindrical shell, respectively. In the figure, R is the
radius of the cylindrical shell, # the thickness
and 7/R<<1. u ,vand ware displacements of the
cylindrical shell in the axial, tangential and radial
directions, respectively. F, , Fy and F, denote the
exciting forces in the corresponding three directions.
Under the assumption of thin shell theory [25], the
differential equations describing the dynamic behav-
ior are expressed as

. £.(0)

% o, %
%3

Pathll/7xl Pathzl ; “ S

fa .

(b)

Fig. 2. Schematic illustration of a beam-cylindrical shell system. (a) the system, (b) the beam, (c) the cylindrical shell.
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where x and p, are the Poisson ratio and density of
the shell, respectively, ¢, the phase velocity of the
compressional wave travelling in the elastic shell, given
by cpz[E/pP(l—yz)J B =12 /12R* the ef-
fect of bending stress.

It is assumed that the cylindrical shell is simply
supported. Based on the modal superposition method,

displacements u, v,w are expressed as

u(¢,x) ZZZU sm(n¢+—jcosk xe™

@=0 n=0 m-1

v(¢.x) ZZZ cos(n¢+—)s1nk xe!™ (2)
=0 n=0 m=1

w(d,x) Zzz sm(n¢+—jsmk xe!™!
@=0 n=0 m-1

In the same way, the forces acting on the shell can
be written as

2 . ar
F% =-"_F (x,¢)sin| ng+—— |cosk x
xmn L x( ¢) ( ¢ 2 j m
2 ar
FY =—F, (x,4)cos| ng+— |sink, x 3
gmn L ¢( ¢) [ ¢ 2 j m ( )

Fom = %F (x,t/ﬁ)sin(nqb + O{?”)sin k,x
T

where ? =—1, a=0,1 denote the symmetric and
asymmetric vibrations in the circumferential director,
respectively. k, =mn/L is the axial mode number
depending on the boundary conditions of the cylindri-
cal shell.

Substitution of Egs.(2) and (3) into Eq.(1) yields
the following matrix form of the relationship between
{Ug, Ve weland {Fg, Fp, Fal

mn xmn rmn
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Q = w/cp is the non-dimensional frequency.

By definition
Ly L, L
Ly Ly Ly |= [L] )
Ly Ly Ly

[L]=0is the characteristic equation of the cylin-
drical shell. From Eq. (4), receptance functions of the
shell can be derived easily. For example, when the
shell is excited only by a normal force, the receptance
function is

Z = W (km) — -4 LyLy = LipLy,
" Fa(k,)  Eh |Z|

rmn

Based on these results, the responses of the cylindri-
cal shell represented by Eq. (2) can be determined under
any kind of excitation. The applied forces F, , F; and F,
in Eq.(1) consist of internal coupling forces. For this
linear system, it is convenient to express the displace-
mentsUy , V.o and W, described by Egs. (2) and

(4). Therefore, the displacements of the shell at three
coupling points are represented as follows:

=S.F,, U,=|v ()

where S, denotes the interface receptance function
matrix of the shell under internal coupling forces F, .
These receptance functions, representing the displace-
ment response vectors to each unit internal coupling
force, are determined. The internal coupling force F_g
remains unknown and needs to be determined by under-
taking a synthesis process using geometrical compatibil-

ity conditions and force balance equations at the cou-
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pling points, which is described in Sections 2.2 and 2.3.

2.2 Vibration of the beam

For a straight beam, it is assumed that the axial and
lateral motions are uncoupled. The differential equations
of the axial and lateral motions of the beam as shown in
Fig. 2(b) are expressed as

4

_EI(1+”7)7+p me+zfv15(l X)

o
—EA(1+177)—+ ‘2— Z fub—x)

where u, w are displacements of the beam in the
axial and transverse directions, respectively. f., f,
denote the exciting forces in the axial and transverse
directions, respectively. / is the length of the beam
and x; denote the location of paths.

According to modal superposition theory, the re-
sponses can be written as

0 0

:z%‘(x)ﬁi(t)

i=1 i=1

where ¢, , ¢; denote the mode shapes associated with
the axial and lateral vibration of the beam, respectively.
Moreover, g;and p; represent the corresponding prin-
cipal coordinates.

The displacements of the beam under the internal
coupling forces and external excitations have a simi-
lar matrix form, given as follows:

U

Cl

b_RFb+ReFe’ Ucb:|::/lvi| (7)

where R_, R, denote the interface receptance functions
of the beam corresponding to the internal coupling force
F,, and external excitation F,, respectively.

2.3 Synthesis of substructures

The substructures are connected by spring-dampers,

which are massless and have different constant com-
plex stiffness at the coupling points. Therefore, the
complex stiffness matrix at any position in the global
coordinate system can be written as

K (1+in,)
: :{Ky(“im )}

In this coupled system, there are three spring-
dampers. Accordingly, Egs. (6) and (7) are extended
into

Uél)_ Sé] Sclz Sé3 Fc(sl)
vl || s 52 s FY (®)

c c c
ug) [=| R ORE R EY || RE| )

The coupling conditions of the two substructures
are described by the force balance and geometric
compatibility. In the global coordinate system, these
conditions at three couplings are expressed as fol-
lows:

K,(1,00-1,U8) )

LFY) LEY | | TF
LES) |- Ko (LU-RUS) | RS |~ T.E | (10)
L) D TED

(rof-na)[48

where 7}, is the transformation matrix connecting the
local beam coordinate system and the global coordi-
nate system. 7,7, and T, are the transformation
matrices from the local shell coordinate systems to
the global coordinate system, defined at three cou-
plings, respectively.

Substituting Egs. (8) and (9) to Eq. (10), the cou-
pling conditions become

1 1
T, Ffb’ T,Fy | [T,R'F,

2
T,FY | =-[K)|([R]+[S.])| LEY |+| T.R?F,
T,F}) T,FY) | | LRF.

where

K, LR'T, TR'T, TR'T,
[K]=| K |[R]<| TLR'T LRPT TROT

K, LR'T, T,RPT,' TR'T;



G. P. Feng et al. / Journal of Mechanical Science and Technology 23 (2009) 2138~2148 2143

11-1 1270-1 1370-

TS, T T,8.’T; T,S’T;

[S]=| ToSS'T ToS3T, ToSP Ty
31p-1 320-1 330-1

TSSSC Tsl T;3sc T52 Ts3Sc Ts3

Hence, the coupling forces in the global coordinate
system are now written as

1
T,FY)

TRF,
LEY |=([1]+[K][S.]+[K][R.)) [K]| TRZF,
T,Fy) LRF,

3. Power flow analysis

The instantaneous mechanical power at point 7 is
defined as [9-12]

P(t)=f;(t)vi(?)

where f;(¢)is the internal force and v,(r) the ve-
locity at the point of interest. For vibrating structures
the time averaged power flow is defined by

(P(1)) :%LT/;(t)v,.(z)dt

where the symbol < > represents the temporal average.
In the frequency domain, the time averaged power flow
can be calculated by

<P>:%Re{ v

where the symbol * represents the complex conjugate,
Re represents the real part, f; and v, are the inter-
nal force and the point velocity response, respectively,
at a given frequency.

Thus, the input power flow and transmitted power
flow from the beam to the shell can be formulated as

follows:

()~ re{{ ) (680} 2

4. Numerical results

In this section, the input power flow of external ex-
citation and transmitted power flows from the beam

to the cylindrical shell through various paths are cal-
culated through numerical simulations. Moreover, the
influences of the excitation locations, the stiffness and
loss factor of the spring-dampers on the vibration
transmission are investigated.

To validate our work, the input and transmitted power
flows out of the above substructure approach are first
compared with those from the finite element analysis
method. The parameters of the beam-cylindrical shell
system shown in Fig. 2 are listed in Table 1. Three uni-
form spring-dampers are set between the beam and the
cylindrical shell. The complex stiffness of the spring-
damper is only in the y direction and defined by

K =K,(1+in, )N/m* K =5x10°N/m’

The loss factor is chosen to be zero and a unit ampli-
tude excitation is applied at one end of the beam (at Path
D).

Fig. 3 shows the predictions of the transmitted power
flow through Path 3 by the two methods. It is observed
that the results derived by both the FEA and theoretical
approach have a good agreement although there is small
difference in the higher frequency range, which is pos-
sibly caused by adopting a small number of modes in
the FEA approach. Therefore, the presented theoretical

Table 1. Parameters of the beam-cylindrical shell system.

Parameter Value
Yong’s modulus E ( GPa ) 2.1x10"
Poisson’s ratio 0.3
Loss factor 7 0.01
Density of beam p ( Kg/m® ) 7800
Length of beam L, (m) 1.5
Section area A4 (m”) 2.5%10*
Inertia moment / (Kg-m?*) 6.2x107
Shell thickness 4 (m) 0.006
Density of shell p, (Kg/m®) 7800
Radius of shell R (m) 0.75
Length of shell L (m) 3

Table 2. Main parameters of the spring-dampers.

Stiffness K Loss factor 77,
Case 1 0.1K,
Case 2 K,
Case 3 10K, 0
Case 4(2) 0
Case 5 K, 0.01
Case 6 0.1
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Fig. 3. Predictions of input power and transmitted power by
Path 3. (a) input power, (b) transmitted power.

method has a good accuracy in the low to medium fre-
quency range for analysis of the beam-cylindrical shell
system.

Next, the influence of the excitation location on the
vibration transmission is revealed. Figures 4(a) and 4(b)
illustrate the time-averaged input power of an external
force at Path 1(one end of the beam) and the transmitted
power through the three paths from the beam to the
shell. From Fig. 4, it can be seen that Path 1 is dominant
in power transmission compared with the other two.
When the external force excites at Path 3 (another end
of the beam), the transmitted power through the three
paths are shown in Fig. 5 (a). It can be seen that Path 3
is dominant. In Fig. 5 (b), the input powers of both ex-
ternal forces are represented.

From Figs. 4 and 5, it is found that the location of ex-
citation force will affect power transmission paths. The
path near the excitation location through which the
transmitted power is larger is dominant. Fig. 5(b) illus-
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Fig. 4. Predictions of transmitted power through three paths
and input power at Path 1. (a) transmitted power, (b) input
power.

trates that the input powers are different when excitation
is at different locations although the external forces are
of the same magnitude. Moreover, it shows the whole
system can receive higher input power when excited at
the stern under the same conditions.

The effect of the spring-dampers on power transmis-
sion paths is exhibited by using different stiffness and
loss factor. The parameters of the spring-dampers are
listed in Table 2 and Table 1. The external force is a unit
harmonic point force at Path 3 in those cases.

The effect of the stiffness of the spring-dampers on
power transmission paths is shown in Figs. 6, 7 and 8,
and the effect on input power in the three cases is repre-
sented in Fig. 9. From Figs. 6-8, it is found that increas-
ing the stiffness of the spring-dampers makes Path 3
dominant in case 1 and case 2. From Fig. 9, it can be
inferred that stiffening the spring-dampers reduces the
input power at high frequencies. This can be interpreted
as that the displacement of the beams is larger when the
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in case 1.

results are shown in Figs. 7, 10 and 11 with predic-
stiffness is softer. Accordingly, the input power be-  tions of time-averaged transmitted power through
comes small. three paths in cases 4, 5 and 6. The effect on input

Further, the effect of the loss factor of the spring-  power is represented in Fig. 12 for the three cases.
dampers on power transmission is investigated. The From Figs. 7, 10 and 11, it is observed that in case
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4 where the damping ratio is zero, Path 3 is signifi-
cant compared to other paths. In case 2 as well as case
3, Path 3 is not significant at lower frequencies but
dominant at higher frequencies. That is, a damper can
change the vibration transmission path of the system.

This result is interesting and further investigation is
necessary for a better understanding. Nevertheless,
we are reminded that the proper design of the spring-
damper may effectively control the vibration of the
system.

In Fig. 12, it can be inferred that increasing damp-
ing of the spring-damper system reduces the input
power rapidly, and the natural frequencies remain
unchanged when the damping factor is small.

5. Conclusions

Discussed in this paper is the vibration transmission
of a submarine stern that is simplified into a coupled
beam-cylindrical shell system. Structural vibration
transmission paths have been analyzed by using the
substructure method. The results show that vibration
transmission is closely related to the installation loca-
tions as well as the stiffness and damping of the spring-
dampers. The total injected or transmitted power is de-
pendent on the natural frequencies of the structure. The
path near the location of the external force is dominant.
In addition, vibration transmission paths can be changed
by softening or stiffening the spring-dampers. Increas-
ing damping will reduce the input power flow, although
the transmission power may be not related to damping.

In fact, there are many decks and stiffened plates that
have a certain influence on vibration transmission in a
submarine. It seems simple to simplify the submarine
stern without taking into account the effects of the decks
and stiffened plates. Regardless of the limitation, this
study does suggest that an optimized de-
sign/modification or vibration control for a coupled
beam-cylindrical system can be obtained based on the
power flow analysis.

References

[1] R. Ruotolo, A comparison of some thin shell theo-
ries used for the dynamic analysis of stiffened cyl-
inders, Journal of Sound and Vibration, 243 (2001)
847-860.

[2] C. T. F. Ross, P. Haynes and W. D. Richards, Vi-
bration of ring-stiffened circular cylinders under ex-
ternal water pressure, Computers and Structures, 60
(1996) 1013-1019.

[3] G. C. Everstine, Prediction of low frequency vibra-
tional frequencies of submerged structures, Journal
of Vibration and Acoustics, Transactions of the
ASME, 113 (1991) 187-191.



G. P. Feng et al. / Journal of Mechanical Science and Technology 23 (2009) 2138~2148 2147

[4] S. Merz, S. Oberst, P. G. Dylejko et al., Develop-
ment of coupled FE/BE models to investigate the
structural and acoustic responses of a submerged
vessel, Journal of Computational Acoustics, 15
(2007) 23-47.

[5] J. Wang and S. Daley, A geometric approach to the
optimal design of remotely located broadband vi-
bration control systems, Proceedings of the 14" In-
ternational Congress on Sound and Vibration,
Cairns, Australia, (2007) 9-12.

[6] A. J. H. Goodwin, The design of a resonance
changer to overcome excessive axial vibration of
propeller shafting, Transactions of the Institute of
Marine Engineers, 72 (1960) 37-63.

[7] P. G. Dylejko and N. J. Kessissoglou, Minimization
of vibration transmission through the propeller-
shafting system in a submarine, Journal of the
Acoustical Society of America (A), 116 (4) (2004)
2569.

[8] P. G. Dylejko, N. J. Kessissoglou, Y. K. Tso et al.,
Optimisation of a resonance changer to minimise
the vibration transmission in marine vessels, Jour-
nal of Sound and Vibration, 300 (2007) 101-116.

[9] D. U. Noiseux, Measurement of power flow in
uniform beams and plates, Journal of the Acoustical
Society of America, 47 (1970) 238-247.

[10] G. Pavic, Measurement of structure borne wave
intensity, part I: formulation of the methods, Jour-
nal of Sound and Vibration, 49 (1) (1976) 221-230.

[11]J. M. Cuschieri, Vibration transmission through
periodic structures using a mobility power flow ap-
proach, Journal of Sound and Vibration, 143 (1)
(1990) 65-74.

[12] M. F. M. Hussein and H. E. M. Hunt, A power
flow method for evaluating vibration from under-
ground railways, Journal of Sound and Vibration,
293 (3-5) (2006) 667-679.

[13] W. Y. Lu and W. H. Wang, Diagnosis and control
of machine induced noise and vibration in steel con-
struction, Journal of Mechanical Science and Tech-
nology, 22 (11) (2008) 2107-2121.

[14] Y. P. Xiong, J. T. Xing and W. G. Price, Power
flow analysis of complex coupled systems by pro-

gressive approaches, Journal of Sound and Vibra-
tion, 239 (2) (2001) 275-295.

[15] W. J. Choi, Y. P. Xiong and R. A. Shenoi, Power
flow analysis for a floating sandwich raft isolation
system using a higher-order theory, Journal of
Sound and Vibration, 319 (2009) 228-246.

[16] J. T. Xing and W. G. Price, A power-flow analysis
based on continuum dynamics, Proceedings of the
Royal Society A, 455 (1999) 401-436.

[17]J. T. Xing, W. G. Price and Z. H. Wang, A study of
power flow characteristics using a vector field
analysis approach, in: H. Hu (Editor-in-chief), Pro-
ceedings of the Fifth International Conference on
Vibration Engineering, China Aviation Industry
Press, Beijing (2002) 33-40

[18] M. S. Khun, H. P. Lee and S. P. Lim, Structural
intensity in plates with multiple discrete and dis-
tributed spring-dashpot systems, Journal of Sound
and Vibration, 276 (2004) 627-648.

[19] H. P. Lee, S. P. Lim and M. S. Khun, Diversion of
energy flow near crack tips of a vibrating plate us-
ing the structural intensity technique, Journal of
Sound and Vibration, 296 (2006) 602-622.

[20] W. O. Wong, X. Q. Wang and L. Cheng, Modal
power flow analysis of a damaged plate, Journal of
Sound and Vibration, 320 (2009) 84-100.

[21] M. D. Jenkins, P. A. Nelson, R. J. Pinnington and S.
J. Elliott, Active isolation of periodic machinery vi-
brations, Journal of Sound and Vibration, 166 (1)
(1993) 117-140.

[22]1Z. Q. Qu and R. P. Selvam, Efficient method for
dynamic condensation of nonclassically damped vi-
brations sytems, AIAA Journal, 40 (2) (2002) 368-
375.

[23] X. D. Xu, H. P. Lee and C. Lu, Power flow paths in
stiffened plates, Journal of Sound and Vibration,
282 (3-5) (2005) 1264-1272.

[24] Z. H. Wang, J. T. Xing and W. G. Price, An inves-
tigation of power flow characteristics of L-shaped
plates adopting a substructure approach, Journal of
Sound and Vibration, 250 (4) (2002) 627-648.

[25] M. C. Junger and D. Feit, Sound, Structures and
Their Interaction, MIT Press, Cambridge, MA (1986).



2148

G. P. Feng et al. / Journal of Mechanical Science and Technology 23 (2009) 2138~2148

G.P. Feng received his Ph.D.
from the School of Mechanical
Engineering at Shanghai Jiao
Tong University. His research
interests include vibration an-
alysis, control and sound radia-
tion, etc.

Z.Y. Zhang received his Ph.D.
from the School of Mechanical
Engineering at Shanghai Jiao
Tong University. Dr. Zhang is
currently a Professor at the
School of Mechanical Engi-
neering at Shanghai Jiao Tong
University in Shanghai, China.

Y. Chen received his Ph.D.
from the School of Mechanical
Engineering at Shanghai Jiao
Tong University. His research
interests include vibration and
shock analysis.

H.X. Hua received his Ph.D. at
the University of Brussels in
Belgium. Dr. Hua is currently a
Professor and Doctoral Super-
visor at the School of Mechani-
cal Engineering at Shanghai
Jiao Tong University in Shang-
hai, China. His research inter-

ests include modal parameter identification, and
analysis of vibration and shock.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


