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ABSTRACT

A coupled FEM/BEM for solving fluid-structure interaction
problem in structure-borne noise propagation and underwater acous-
tic radiation is present in this paper.  In order to improve the habitabil-
ity and stealth low noise condition is required in various types of
ships.  One of the dominant components is the radiated airborne and
underwater noise caused by ship hull vibration.  Accordingly, the
estimation of structure-borne sound characteristics of a ship is impor-
tant in the design of a quieter ship-structure.  The hull vibration
response and pressure distribution on the wetted surface of a ship
subjected to excitation sources can be analyzed by utilizing the
developed method.  Further discussions on the evaluation of surface
complex power, radiation and reactance power have been conducted.

Two cases were studied, a submerged spherical shell subjected to
a uniformly harmonic pressure excitation and a scale model of engine
room structure subjected to machine excitations, to illustrate the
applications of the analytical model.  The surface pressure, the normal
velocity on the wetted surface, the surface complex power, the radia-
tion power, the reactance power, the vibrational displacement and the
radiated underwater sound pattern have been computed.  Comparison
of the predicted results and that by measurement indicates that the
numerical model is creditable.  In addition, the effect on underwater
acoustic radiation at the elastic mounts for the engine is discussed.

INTRODUCTION

Structure-borne sound power is predominantly
transmitted to a sound carrying structure from a source
via a number of contact points.  In turn, the noise and
vibrations are propagated in the structure possibly caus-
ing sensitive equipment to vibrate or to cause undesired
radiated noise.  In principle, this may be avoided by

measures at source, in transmission, during propagation
or at radiation.  It is, of course, preferable to cope with
the problems at the generation sites and thereby avoid
more comprehensive and expensive measures later in
the chain.  To this point, the resilient mounts are utilized
as an effective countermeasure to reduce noise and
vibrational power transmitted from the source to sound
receiver.

In reviewing noise transmission paths, we note
that from the machinery room to other areas of the ship,
there are three parallel paths: air, water, and structure,
the latter being the most important.  While structure-
borne noise is familiar, it takes an uncommon form in
ship hulls; compared to industrial environments, the
hull is relatively homogeneous and long wave-guide
whose transmission characteristics are affected by spa-
tially periodic stiffening frames.  Furthermore, the water-
borne path is intimately couple to the structure-borne
path, partially short-circuiting structural impedance
discontinuities such as bulkheads, which, in the
atmosphere, would constitute effective barriers to struc-
ture-borne noise propagation.  Another peculiarity of
hull is that, over much of the relevant frequency range,
radiation loading is associated with inertia forces, ex-
erted by the entrained mass of water, which modify hull
plating response.  Because of the high sound velocity of
water, the coincidence frequency of surface ship hull
plating lies in the ultrasonic range.  Flexural waves
therefore radiate from areas where wavenumber con-
version occurs, viz. driving points and impedance
discontinuities.  Once launched, the waterborne acous-
tic signal suffers propagation losses which are small
compared to those encountered in the atmosphere.

The main features of shipboard noise have been
studied in the last decades.  The power flow concept was
proposed and used to explain the relation between the
mobility and structure-borne sound transmission [1].
The effectiveness of resilient mounts to abate the engine
vibration was modeled in [2, 3].  Furthermore a coupled
multi-path mobility model using the four-pole param-
eter method was established to predict the structure-
borne sound transmission between a source structure
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and a receiving structure in [4, 5].  The sound radiation
from a vibrating body was firstly dealt with by helmholtz
equation in [6].  Meanwhile the boundary integral equa-
tions for vibrating sources located in interior or exterior
domain and on boundary were established separately.
Some fictitious eigenfrequencies and singular values
could be appeared in dealing with the exterior domain
problems.  This phenomenon is essentially due to the
numerical method.  To improve the solution method a
combind Helnholtz integral equation formulation
(CHIEF) has submitted in [7, 8].  Underwater sound
radiation from various vibrating submerged structures
was studied in [9-16] by using a coupled finite element
and variational boundary element technique.  As a sum-
mary of these studies, the fluid-structure interaction
effect showed predominant important in predicting the
underwater sound radiation especially in low frequency
vibrational radiation.  It has been validated by experi-
mental measurement in [17].

In this paper three main aspects of machine vibra-
tion radiating underwater sound are predicted and
measured.  They are the transfer mobility and power
flow from a motor via resilient mounts, fluid-structure
interaction effect in underwater acoustic radiation and
the underwater radiation pattern.

POWER FLOW ANALYSIS VIA RESILIENT
MOUNTING

Operational motions of engine and other machin-
eries start the vibration, and the resilient mounts under
the machinery seatings initiate the reduction efforts of
noise control.  The effectiveness of ioslation is defined
as the measure of the power transmitted to the structure.
This single quantity includes both the vibration param-
eters of force and velocity.  Minimizing the power
transmitted through an isolator is also consistent with
the first step in any vibration control exercise, ie, to deal
with the problem at the source.  Normally, the resilient
mounts are composed of elastic and viscoelastic mate-
rials and designed in various configurations.

The vibrational power fed into a structure for a
multipoint mounting system can be calculated by utiliz-
ing the concept of effective mobility [1-5] of the source/
mount/receiver system and the source characteriztion as
a force or a velocity.  Furthermore, if the relations
between the mobility function pertaining to the coupled
and decoupled source/mount/receiver systems can be
derived, then the effectiveness and performance of the
mount can be identified.

1. Mobility Theory

Assume a mechanical system in which the har-

monic force F1 and the harmonic velocity V1 were
applied to the input end of the system and the force F2

and the velocity V2 were induced on the output end.  The
relations between state variables V1, F1 and V2, F2 are
[3]:

   V1

F1
=

α11 α12
α21 α22

V2

F2
(1)

where α11, α12, α 21 and α22 are called the four-pole
parameters [4] and

   α11 =
M11

M12
, α12 =

M12M21 – M11M22

M12
,

   α21 = 1
M12

, α = –
M22

M12
(2)

and M (i = 1, 2 ; j = 1, 2) are the mobility functions.
 If the subsystems a and b are linked in series, the

two ends of each subsystems are 1, 2 and 3, 4 respectively,
as shown in Fig. 1(a), in which F represents force and V
represents velocity.  When the subsystems link together,
then V3 = V2 and F3 = –F2.  The tranfer relation of the
state vectors between points 1 and 4 is:

   V1

F1
=

α11 α12
α21 α22

V2

F2

   
=

α11 α12
α21 α22

α33 α34

– α43 – α44

V4

F4

   
=

α11
' α14

'

α41
' α44

'

V4

F4
(3)

It requires that F4 = 0 since 4 is the receiving point and
1 is the driving point.  Thus,

   M41(ω) =
V4

F1
= 1

α41
'

= 1
α21α33 – α22α43

=
M12 + M34

M22M33

(4)

From equation (4), it can be seen that the transfer
mobility of the combined system (M41) is not simply the
combination of the transfer mobilities (M12 and M34) of
the two subsystems.  The linking point mobilities (M22

and M33) of the subsystems play a predominant role for
determining the total transfer mobility.  As a damping
material is introduced into the input end of the
subsystem b, such as Fig. 1(b) which represents the
improved system of Fig. 1(a), then the mobility M33

increases significantly, It follows from equation (4) that
the total transfer mobility M41 is reduced.  In other
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words, to reduce the total transfer mobility, it requires
the introduction of a larger mobility than the original
one.  This is the basic principle for a good structure-
borne noise attenuation result that has to properly
design the structure on both sides of a resilient mount
with small mobility than that of the mount itself.

2. Power Flow

The instantaneous vibration power input (Pinst) to
a structure is defined as the product of the excitation
force (F) and the associated velocity (V).  At any point
on a structure, the velocity and force can be related via
frequency response mobility (or impedance) functions,
so that the power can be expressed in the following
forms:

  P = 1
2{F}TRe[M]{F} (5)

or

  P = 1
2{V}TRe[Z]{V} (6)

From expressions (5) and (6), it is clear that the power
injected into a structure by the machine is dictated by
the excitation force or velocity exerted by a machine
and the mobility or impedance characteristics of the
supporting structure.  The characterization of an engine
as a “velocity source” will now be considered .

In practical measurements by utilizing a FFT

analyser, the power can be found by using the force
spectrum density function Gff, the vibration velocity
spectrum density function Gvv, or the cross power spec-
trum density function Gfv, which can be expressed as:

P(ω) Gff Re[M] = Re[Gfv] = Gvv Re[Ze] (7)

The driving point impedance matrix and the re-
ceiving point impedance matrix and the transfer imped-
ance matrix for well-installed system can be obtained
as:

  [Zinput] = [Z11] =
[M44]

[M11][M44] – [M14][M41]
(8)

  [Zoutput] = [Z44] =
[M11]

[M11][M44] – [M14][M41]
         (9)

  [Ztransmit] = [Z41] = [Z41] =
– [M14]

[M11][M44] – [M14][M41]

(10)

Substituing [Zinput], [Zoutput] and [Ztransmit] into equation
(7), the input power, output power and transmitted
power can be calculated respectively by:

Pinput = GVAVA
 Re[Zinput] (11)

Poutput = GVBVB
 Re[Zoutput] (12)

Ptransmit = GVAVA
 Re[Ztransmit] (13)

Thus the general methodology for obtaining the power
fed into a receiving structure from the excitation sources
of a engine via the contact points is derived.

MODELLING SOUND RADIATION FROM A SHIP
STRUCTURE

1. Fluid-Structure Interaction

When a ship is floating in water and subjected to
machine induced vibrating forces {f}, then the equa-
tions of motion of the ship structure can be expressed in
matrix form as:

  [M]{x} + [C]{x} + [K]{x] = { f } – {p} (14)

where [M], [C] and [K] represent the mass, damping and
stiffness matrices respectively.  {f} is the acoustic load-
ing transmitted from the  machine mountings which is
gained by the mobility theory and charaterising the
vibrational sources as velocity sources.  While {p}
represents the hydrodynamic pressure which can be

Fig. 1.  System before and after installation of isolator damping material.
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only applied to the surfaces of the structure contacted
with water and shall be analysed by the coupling algo-
rithm which is a combination of finite element (FE) and
boundary element (BE) methods.

If the internal structural damping effect can be
neglected and the displacement vector {x} of the struc-
ture is divided into {xn}, ie, the displacement of the
interior structure as well as the tangential displacement
on the water contacting surface as shown in Fig. 2, then
equation (14) becomes:

  Mnn Mni
Min Mii

xn
xi

+
Knn Kni
Kin Kii

xn
xi

=
fn
fi

–
p
0

(15)

2. Coupling of the FE and BE Methods

Consider a linear structure system put {x} =
{X}eiωt into equation (15) then,

   Knn Kni
Kin Kii

Xn
Xi

– ω2 Mnn Mni
Min Mii

Xn
Xi

=
fn
fi

–
p
0 i

 (16)

The second equation in (16) is:

([Kin] – ω2[Min]) {Xn} + ([Kii] – ω2[Mii]) {Xi}
= {fi} (17)

and {Xi} can be expressed in terms of {Xn} from equa-
tion (5.62) as :

{Xi} = ([Kii] – ω2[Mii])
–1 ({fi} – ([Kin]

– ω2[Min]) {Xn}) (18)

Substituting (18) into equation (16),

([Knn] – ω2[Mnn]) {Xn} + ([Kni] – ω2[Mni]) {Xi}
= {fn} – {p}

or

(([Knn] – ω2[Mnn]) – ([Kni] – ω2[Mni]) ([Kii]
– ω2 [Mii])

–1 ([Kin] – ω2[Min])) {Xn}
= – ([Kni] – ω2[Mni]) ([Kii] – ω2[Mii])

–1 {fi}
+ {fn} – {p} (19)

Since the underwater acoustic pressure distribu-
tion radiated from a vibrating hull surface is governed
by the Helmhotz equation:

   ∇ 2p(r, ω) + k2p(r, ω) = 0 (20)

and   p(r)  can be expressed as :

   P(r) = 1
2π Ss

[P(rs)
∂P(rs)
∂n(rs)

– G(r, rs)
∂P(rs)
∂n(rs)

]dSs

(21)

where
r  = position vector in water;

 rs  = position vector on immersed hull surface;
  n(rs) = normal direction vector at  rs ;

Ss = immersed hull surface area;
  P(r) = underwater acoustic pressure amplitude at r ;
  G(r, rs) = Green’s function or the fundamental solution

to Eq.(20), and

   G = e– jkr(x,y)

4πr(x,y) (22)

where

  r(x, y) = x – y = (x1 – y1)2 + (x2 – y2)2 + (x3 – y3)2

in which x is the field point and y is the source point.
The relation between   P(r) and the normal dis-

placement xn on  the hull surface must satisfy:

   ∂P(rs)
∂n(rs)

= – iρ0ωvn(rs) = ρ0ω2xn (23)

Utilizing the discretization technique with inter-
polating shape functions to the water contacting hull
surface, equation (22) becomes :

[A] {P} = [G] {xn} (24)

Substituting equation (24) into (19), the governing equa-
tion for the combined FE and BE methods for the
structure-borne noise transmission problem inboard
ships can show to be:

Fig. 2.  Definition of {xn} and {xi}.
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[([Knn] – ω2[Mnn]) – ([Kni] – ω2[Mni]) ([Kii]
– ω2[Mii])

–1 ([Kin] – ω2[Min])} {xn}
+ [A]–1 [G] {xn} = {fn} – ([Kni] – ω2[Mni]) ([Kii]
– ω2[Mii])

–1 {fi} (25)

COMPARISON OF NUMERICAL ANALYSIS AND
MEASUREMENT

1. Description of Experiment Design

To validate the accuracy of the mobility analysis
and the FEM/BEM noise propagation models experi-
ments were undertaken on a scale model of an engine
room structure.  This model with a length 808mm, as
shown in Fig. 3, consists of two end bulkheads, four
girders on the bottom, one bilge tank on each side.  On
the top of the girders there installed a bedplate and a
stepless motor supported by four resilient mounts bolted
on the bedplate.  The motor was designed with a delib-
erate eccentric mass on the shaft.  The arrangement of
mobility measurement and the configuration of the
resilient mount are shown in Figs. 4 and 5 respectively.

2. Comparisons of Mobility and Vibrational Power

The measured and predicted transfer mobility M41

when the model being put in water and in air with and
without rubber pad are compared in Figs. 6-9.  The
resilient mount effect on transfer mobility in water and
in air are compared in Figs.10 and 11 When the motor
ran at a speed 1800 rpm, the rubber pad effect on the
exciting vibration velocity and the transfer power at the
input and output ends are shown in Figs. 12-19.  From
the results, it is evident that resilient mounts have the
effects to reduce transfer mobility, vibratory velocity
and vibrational power by an amount of 5-20dB, 2-5dB

Fig. 3.  Experimental model of an engine room.

Fig. 4.  Instrument arrangement for mobility measurement.

Fig. 5.  Configuration of the sleeve type of resilient mount.
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Fig. 6.  Transfer mobility M41 in water without rubber pad.

Fig. 7.  Transfer mobility M41 in air without rubber pad.

Fig. 8.  Transfer mobility M41 in water with rubber pad.

Fig. 9.  Transfer mobility M41 in air with rubber pad.

Fig. 10.  Resilient mount effect on transfer mobitity in water.

Fig. 11.  Resilient mount effect on transfer mobitity in air.



Journal of Marine Science and Technology, Vol. 8, No. 1 (2000)36

Fig. 12. Velocity auto-spectrum at input and output ends with rubber pad in
water.

Fig. 13. Velocity auto-spectrum at input and output ends with rubber pad in
air.

Fig. 14. Velocity auto-spectrum at input and output ends without rubber pad
in water.

Fig. 15. Velocity auto-spectrum at input and output ends without rubber pad
in air.

Fig. 16.  Power spectrum at input and output ends with rubber pad.

Fig. 17.  Power spectrum at in put and output ends with rubber pad in air.
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and 10-40% respectively.  The entrained mass of water
apparently reduced the transfer mobility by an amount
5-10dB in the lower frequency range.

3. Validation of the Numerical Model

Consider a submerged spherical shell of radius 1m
and thickness 3cm.  When the shell subjected to a
harmonic internal pressure of magnitude 1 Pa, the
analytical solution of the sound pressure and normal
velocity on the surface of spherical shell can be found in
[11] and [12].  Fig. 20 shows the FEM/BEM model.
Comparisons of the numerical solutions of the spectra
of surface pressure magnitude and the normal velocity
magnitude are shown in Figs. 21 and 22.  The coinci-
dence of the curves validate the numerical model being
credible.

4. Predicted and Measured Underwater Sound Pattern

The FEM/BEM mesh of the model structure were
established as Figs. 23 and 24.  When the scale model

Fig. 18.  Power spectrum at input and output ends without rubber pad.

Fig. 19.  Power spectrum at input and output ends without rubber pad in air.

Fig. 20.  Numerical model of a spherical shell.

Fig. 21. Surface pressure magnitude spectrum on a spherical shell under
unit harmonic internal pressure excitation.

Fig. 22. Surface normal velocity magnitude spectrum on a spherical shell
under unit harmonic unit internal pressure excitation.
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was floating on the surface cenfer of a rectangular water
tank of length 4.2m, breadth 3.6m and water depth 2.4m,
the motor ran at 1800 rpm.  The predicted distributions
of pressure normal velocity, and sound intensity on the
wetted surface are shown in Figs. 25-27.  The prediction
of underwater sound pressure on two symmetrical planes
in the fluid domain and a horizontal plane at a depth 1.
5m are compared with the measured sound pressure
level in Figs. 28-30.

CONCLUDING REMARKS

From the analysis and measurement works and
results, it is concluded that:
1. Four-pole parameter theory for the transfer mobility

analysis has validated to be credible.
2. Resilient mounts have the effects to reduce trasfer

mobility, vibratory velocity and vibration power by
an amount of 5-20 dB, 2-5 dB and 10-40% respectively.

3. The entrained mass of water apparently reduced the
transfer mobility by an amount of 5-10 dB in the
lower frequency range, i.e., below 1000Hz.

Fig. 23.  Finite element modelling.

Fig. 24.  Boundary element modeling on wetted surface.

Fig. 25.  Predicted sound pressure distribution on the wetted surface.

Fig. 26.  Predicted normal velocity distribution on the wetted surface.

Fig. 27.  Predicted sound intensity distribution on the wetted surface.
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4. The established FEM/BEM model for structure-borne
and fluid-borne sound propagation analysis has vali-
dated to be precise in comparing with the analytical
solution submerged spherical shell subjected to a
uniformly harmonic pressure excitation.  In the case
of the scaled model of engine room, there are some
differences and augmentation of the far field sound
pressure level between measurement and prediction.
This augmentation is due to the reflection effect of the
tank wall.
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