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Calculation of vibratory power transmission
of complex floating raft system by FEM

ZHANG Kun', SUN Hong-ling', CHEN Hai-bo',
ZHANG Pei-giang' , CHEN Ya-dong®

(1. CAS Key Laboratory Mechanical Behavior and Design of Materials, Department of Modern Mechanics ,
University of Science and Technology of China, He fei 230027, China;
2. China Ship Scienti fic Research Center, Wuxi 214082, China)

Abstract: A method was proposed for investigating the characteristic of the vibratory power
transmission of the complex floating raft system by the finite element method (FEM). This
method allows straightforward generation of a structural model of a complex floating raft system
in FEM software ANSYS. By means of the harmonic response analysis technique, the response of
the linear system under multiple harmonic excitations can be determined. Thus the desired
vectors required to calculate the power transmission can be obtained. Based on this method, the
vibratory power transmission of a practical complex floating raft system was investigated
numerically. This work shows the validity of the proposed method.

Key words: floating raft system; power flow; FEM; ANSYS

CLC number. TB53 Document code: A

ETERTAENERZERFZRRITE
KO IR e KB IR R

(L ERLABEA R 2 AT A B TSR 2, v E R BRI AR 2 R L RS A 230027
2. PEREAIRLEORTE L T TEE) 214082)

WERE A TARAEBNE LSRR AARDRRG T L %, E5 % TR ANSYS 5 A R T4 A
MAF PRI AR R RO AERL SE R R Wvf AT R R R R G SN T 6 vm 5, A AT S 2 4
HERTEONF R E T, BRIZFTERRT —EFRAFR AR R RE R, A EREAT F
T S

KR FK RS T RR,ATRAE; ANSYS

Received: 2006-12-14 ; Revised : 2007-03-05

Foundation item: Pre-research Foundation of General Armament Department.

Biography: ZHANG Kun.male, born in 1979, PhD. Research field: vibratory control. E-mail: 9805zhangkun@ustc. edu
Corresponding author: CHEN Hai-bo, PhD/Prof. E-mail: bhchen@ustc. edu. cn



Calculation of vibratory power transmission of complex floating raft system by FEM 517

0 Introduction

The isolation of a vibrating machine,
particularly one mounted on a flexible foundation
in marine and aeronautical applications, has been

[1,2]

studied by many researchers To achieve more

efficient vibration cancellation, floating raft
system, a type of special vibration isolation
structure which is based on two-stage isolation
system, was developed about twenty years ago
specifically for ships. This new isolation structure
can isolate vibration of hosts and auxiliary
machines and effectively reduce the structural noise
of ships. It can also protect the equipment and
instruments in a ship from being damaged and
makes them operate properly when the ship is
under external loads and sudden shocks. The study
of floating raft systems has drawn much attention
in recent years. But the conventional floating raft
system is limited to passive isolation, which does
not deal with the alterable excitation situation
effectively.

Active control techniques are able to
dynamically adapt the characteristic parameters of
the systems or structures so as to meet the strict
requirements of vibration isolation. In order to
improve the isolation performance of a passive
floating raft system, active/semi-active control can
be applied to the system. Thus it is necessary to
investigate the characteristics of the vibration
transmission in the floating raft system and choose
the proper cost function to be minimized in the
vibration control. Power has been used as a
parameter to quantify the structural vibration
transmission in many relevant researches. The
characterization of vibration transmission using
power represents a good way to estimate the
energy available for causing radiated noise. On the

hand, the

transmission to the receiver is one proposed

other minimization of power

strategy for active vibration control. This is an

alternative to the conventional strategy for

canceling the velocities or forces at the concerned

junctions or minimizing the vibration response of
the receiver measured at several points. Some
researches have been reported for the calculation of
power transmissions in a floating raft system~~%,
but the rafts in these papers are all simple
structures just like beams or plates, which are far
from the complex structures in practical
engineering applications.

The FEM has been in general used for
dynamical analyses of structures, especially
complex practical structures composed of different
parts. Along with the development of large-scale
FEM programs, the advantage of this method
becomes more remarkable. The purpose of the
present study is to propose a method for
investigating the characteristic of the vibratory
power transmission of the complex floating raft
system by FEM. After

proposed method,

introduction of the
the analytical model of a
practical complex raft is built by finite element
software ANSYS, then modal analysis on the finite
element model and experimental modal analysis on
the full-scale structure are performed to verify the
reliability of the FEM model. Based on this, the
finite element model of the floating raft system is
built and the reduction of vibratory power flow,
which transmits from the vibrating machine into a
flexible simply supported cylinder through the

system, is investigated numerically.

1 Description of proposed method

1.1 Formulation of the problem

Generally, the complete floating raft system is
divided into five parts as shown in Fig. 1. the
machines, the upper isolators, the raft, lower
isolators and supporting structure. These parts are
connected at a finite number of junctions. Each of
the n rigid machines is mounted on the raft through
[ upper isolators, and m lower isolators are
mounted between the raft and the supporting
structure on the ship. The general raft is a kind of
girders,

box  structure strengthened  with

therefore, it is not suitable here to model the raft
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Fig. 1 The schematic of a general

complex floating raft system

simply as beam or plate.

In the design of the floating raft system, it is
important to estimate the total power transmitted
to the supporting structure of the ship, defined as
P,.. and the power transmitted into the system
from the machines, defined as P,,. Because P, is
often used as the cost function minimized to assess
vibration control. In addition, the power
reduction, defined as po.— pin» which indicates the
dissipation of the vibratory energy in the system,
can be used as another index to estimate the
isolation performance of the passive system and
vibration control.

For a linear system, when force and velocity
are harmonic the power flow is given by

1 (n
p— TOJO Re(F.} « Re{V, \dr, (D

where F; and V,; are the instantaneous values of
force and velocity at a point, T, is the average
time. When F; and V; have the same frequencies,
which means F;=Fe“ and V;=Ve“', Eq. (1) can
be written as

2n/w X .
p :ﬂj Re{Fe) « Re{Ve jdi = L Re(FV" ).
27l o 2

(2
where w is the frequency of vibration. F and V are
complex and include relative phase angles, *
denotes the complex conjugate. The ratio of the
complex harmonic velocity to the complex
harmonic force is the mobility. One may substitute

therefore either the force or the velocity to give

For the floating raft system as shown in Fig. 1,
Assume the system is linear and the harmonic
excitation force acts on the ith machine is f, (=1,
-==,n), and the corresponding velocity of the rigid
machine is vy (=1, -+, 7). Thus the power flow
input by the excitation forces into the complete

isolating system is given by

.
p. — iJ Re(F.)T « RelV.}drs (D)
T() 0

where F,=[ fus foss fo 1t Vi=[vasv0s s
vy, JT. In the same way, if the force acts on the
supporting structure through the jth lower isolator
is f; (j=1,++,m) and the corresponding velocity
at the junction is v,; (j=1,--,m), the power flow
input into the supporting structure is given by

1 (%
Pr = [ "RelF)T - RelV, s (5)
0

T,
where F,=[ f1s fross fon 15 V,=[015025 ",
U JT. Among the four vectors required to
calculate P,, and P.., F, is the initial excitation
and is prescribed. Thus three unknown vectors V,
F,., and V, should be determined.
1.2 Formulation of the method
Mobility, as the intrinsic property of a linear
system, represents the relationship between the
output and input of the system as a function of
frequency. For the floating raft system as shown in
Fig. 1, the dynamic equations of the system can be
represented by the mobility matrix expressions as
H1, H1,, - HI,, Jf.‘ll JU@I
e el
H1, H1, -+ HIl,]!|f., Vet
H2,, H2, H2, | (f
H2,, H2,, -+ H2,, fxz

H2, | [, J

Hzml H21112
H3l] H312 H31n'17 frl Url
H3Z H3 h H3 m _fr Uy
1 22 2 k 2 _ 2 , (8)
H3ml H3m2 H3mm_ _fmz Unn
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where H1, H2, H3 are mobility matrixes. Egs.
(6), (7), (8) indicate that after the mobility
matrixes are obtained by experiment or FEM, the
unknown vectors required by Egs. (4) and (5) to
calculate power flow can be determined.

The commercial finite element numerical
package ANSYS is applied to obtain the dynamic
The finite
element model of the complete floating raft system
should be built in ANSYS preprocessor before the

analysis. For building the finite element model of

characteristic of the system here.

complex structure such as a floating raft system,
the general approach is to build each part of the
system separately with proper elements and then
combine the separate models together with the
boundary conditions at the junctions between
different parts. After the model of the system is
built, one can determine the response of the linear
system under multiple harmonic excitations by
using the harmonic response analysis technique in
ANSYS. The idea of the technique is to calculate
the structure’s response at several frequencies and
obtain a graph of some response quantity (usually
displacements) versus frequency. Three harmonic
response analysis methods are available in
ANSYS: full, reduced, and mode superposition.
Among these methods, the mode superposition
method sums factored mode shapes (eigenvectors)
from a modal analysis to calculate the structure’s
response and is faster and less expensive than
either the reduced or the full method for many
problems. After the harmonic response analysis,
one obtains the amplitude and the phase angle of
displacement response of the nodes. For a linear
harmonic system, the relationship between
displacement and velocity response is given by
v:J.(:XwSin((ut JrgDJFTE/Z), (D
where X and ¢ are the amplitude and phase angle
Thus the

response of each node of the finite element model

of displacement response. velocity
can be obtained by applying Eq. (9) to the result of
the harmonic response analysis in ANSYS.

For obtaining the mobility matrixes list in

Eqgs. (6)~(8), apply a unit excitation force I; on
the ith (i =1, -

harmonic response analysis individually. After the

-, n) machine and perform the

ith analysis and applying Eq. (9) to the results,
one obtains the desired velocity response V; =
[0ai 9020 s Ve |- and Vi =[0;500i 5200y 0 | (1=
1,+,n). Substituting V;, V,; and I, into Egs. (6)
and (7) yields

0 Vg
: Us2i
0 :
H1 «<I; »=< vy /s QL))
0 .
0 Ui
0 Uri
Ur2i
0 :
H2 -<I; /=< v an
0 .
0 Upmi

Solving Egs. (10) and (11), one obtains the ith
column of H1 and H2. After finishing all the n
harmonic response analysis procedures, the desired
mobility matrixes H1 and H2 are obtained. Matrix
H3 can be determined by applying the same
procedure as above to the supporting structure
independently. Thus the desired vectors V,=H]1 -
F.,V,=H2 « F,, and F, = H3 ! - V, are all

determined.

2 Modelling of a practical floating
raft system

In this and the succedent sections, the
commercial finite element software ANSYS is
applied to study a practical floating raft system to
illustrate the validity of the proposed method. The
complete  system is composed of = two
electromotors, raft, three groups of isolators and a
supporting  structure. Each  of the two
electromotors is mounted on the raft through four

upper isolators, and four lower isolators are
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2. upper isolators 3. raft
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4. lower isolators 5. supporting structure

Fig.2 The FEM model of a practical complex floating raft system (a),
3D view of the FEM model (b) and local plot of the FEM model (c¢)

mounted between the raft and the supporting
structure on the ship. The supporting structure is
a thin wall cylinder shell which is 2 m long with
the inner radius being 0. 7 m and the thickness of
the wall 8 mm. Its two ends are simply supported.

As the floating raft system is complex, some
approximation and simplification are adopted in the
modeling progress of the system to meet the
requirement of FE analysis. The cylinder shell is a
kind of thin wall structure, thus it is modeled by
using the elastic shell element SHELL63 which can
better simulate the bending and shear behaviors of
the structure. Because the electromotors are much
stiffer than the other parts of the system, each
electromotor is simulated as a rigid body by a block
composed of 3D solid element SOLID45, whose

mass, rotary inertia and inertia moment conform

with the motor. The raft is modeled with
SOLID187 according to its actual size. The
isolators are modeled by longitudinal spring-

damper element COMBIN14, which is a uniaxial
tension compression element with three degrees of
freedom at each node. But one spring-damper
element can only simulate one directional stiffness
of the isolator. Thus to simulate an isolator with
three-directional stiffness, three spring-damper
element are required and have to overlap each other
within two nodes. There are altogether 4 223 shell
elements, 18 959 solid elements and 36 spring-

damper elements in the floating raft system FE

model, as shown in Fig. 2.

3 Results and discussions

3.1 System modal characteristics

The raft is the central part of the whole
floating raft system, whose dynamic characteristic
directly influences the vibration transmission of the
floating raft system. It is necessary to verify the
accuracy of the FE model before further analysis,
therefore modal analysis on the FE model of the
free raft, as shown in Fig. 3, and experimental
modal analysis on the full-scale structure are
performed. Tab. 1 summarizes the numerical and
experimental results for the first two natural
the
condition. Fig. 4 plots the mode shape for the first

frequencies of raft with free boundary

two modes. From Tab. 1 and Fig. 4, it can be seen

that the FEM simulation results are in good

agreement with the experimental results . Thus the
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Fig.3 The FEM model of the free raft
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Fig. 4 Mode shapes of first two modes by FEM simulated: (a) 1st mode (torsion) (b) 2nd mode (bending)

And by experimental modal analysis: (¢) 1st mode (torsion) (d) 2nd mode (bending)

Tab. 1 First two natural frequencies of the free raft

FEM simulated

experimental results
natural frequency

/Hz /Hz
N 37.0 38
fe 188.6 190

simulation results confirm the wvalidity of the
current FE model and indicate its suitability for use
in the upcoming investigations of the
characteristics of the whole floating raft system.

The modal characteristics of the complete
floating raft system are then studied. Tab. 2
summarizes the numerical results for modal
characteristics of the system and Fig. 5 plots some
mode shapes for the corresponding modes listed in
Tab. 2. Because the electromotors are mounted on
the raft symmetrically, there obviously exist some
close modes which have almost the same modal
frequencies but different mode shapes.
3.2 Power flow characteristics

In this calculation, one driving force
combination was used to excite the system and the

corresponding power flow ( into the rigid bodies

Tab.2 Modal characteristics of the floating raft system

modal frequency

mode No mode shape
/Hz
1 3.1 roll
2 3.8 pitch of motors(same direction)
3 3.9 pitch of motors(opposite direction)
4 4.1 roll of motors(opposite direction)
5 6.2 translation(same direction)
6 6.5 translation(opposite direction)
7 8.2 flat turn of motors(same direction)
8 8.3 flat turn of motors(opposite direction)
9 24.9 roll of raft
10 33.6 roll and Translation
11 40.7 pitch
12 53.5 torsion of raft
13 139.7 motion of shell
14 152. 1 motion of shell
15 159.9 motion of shell

and into the cylinder shell) was calculated in the
frequency range 1~500 Hz. Each driving force on
the two rigid bodies, which is 1N in the vertical
direction, is located at the center of the top surface
of each rigid body. The results are presented in
Fig. 6 and the reference power is 107" Watt. The
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Fig. 6 Power flow transmission of the floating raft system

solid curve represents the input power flow from
the rigid bodies ( Py ) and the dashed curve
represents the output power flow to the cylinder
shell (P,,). The frequencies corresponding to first
two main peaks in the power flow curves are 6 Hz
and 34 Hz, which means that these two peaks
correspond, respectively, to the 5th and 10th
resonance modes of the floating raft system as
listed in Tab. 2. And the peaks in the output
power flow whose

curve, corresponding

frequencies are higher than 100 Hz, correspond to
the 13th, 14th, 15th and higher resonance modes
of the system. Notice that the driving forces are
applied to the system symmetrically. It will be
easy to understand that there only exist peaks
corresponding to symmetrical resonance modes in
the curves. Fig. 7 shows the reduction, defined as
P,.— P;,, of the input power flow from the rigid
bodies and output power flow to the cylinder shell.
It represents the vibration isolation performance of

the floating raft system more directly.

power reduction / dB

1 10 100 1000
frequency / Hz

Fig. 7 Power reduction of the floating raft system
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4 Conclusion

This study has

computationally efficient method for the calculation

developed a  novel
of vibratory power flow transmission of a complex
floating raft system using an FE numerical package
ANSYS. With its advantages of convenience,
rapidity,  accuracy, low  cost, ease of
implementation and easy use, the FEA simulator
allows not only the straightforward generation of a
structural model of a complex floating raft system,
but also enables the accurate simulation of its
dynamic response which can be further used to
study the power flow transmission characteristic.
Hence, the proposed method provides a valuable
tool for the assessment of vibration isolation
performance of a complex structure like the

floating raft system.
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