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Abstract

Smart Materials hae been investigated for decades amdely used inthe
automotiveandaeronauticsndustriesto measure andontrolnoise and vibration
This study covered ship structure vibration &rdart Materials were employed
for the purpose of ship vibration attenuation. One specific Smart Material,

piezoelectriomaterial, was the focus of the study.

Although previous research has been conducted on vibration mitigation
employing piezoelectric sint1 systems, this study identified the need for specific
applications regarding ship vibration mitigationasBive piezoelectric shunt

damping systemt®r shipswere described and investigated in this study.

Computational methods were used to investigateicwral vibration of a
cantileverbeam, a Liquid Natural Gas (LNG) carrier and a bulb KEeé Finite
Element Method (FEM) was used to calculate the vibration and vibration

treatment with the passive piezoelectric shunt damping system.

The numerical radts of the passive piezoelectric shunt system bonded to the
cantileverbeam werecompared to experimental results obtaifredn a previous
study. TheFEM delivered results, whickhowed a high degree of similarity in
comparison to the experimental resuBsth experimental and numerical studies
validate the theory that piezoelectric material, connected to an electrical circuit,
can be successfully used to achieve vibration reductaognificant vibration
attenuationwas found in the numerical simulatiaof the LNG vessel. The
simulation of the bulb keel also provided promising outcome regarding substantial

vibration reductiorby means opiezoelectric shunt system.
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1.Introduction
1.1 Motivation of the Study

Two importantcomfort reducing factors eboardof ships for both the crew and the
passengerare noise and vibration. Theau® discomfort and many occupational

problems regarding safety and health sucthearing loss are, thereformaking

crew members reluctant to work. Noise and vibration prodbgeshipsare not only
problematic for humansbut also fortheir surroundingenvironment. Many animals

like birds, fish, sea turtles andarine mammalscgetaceansmigrate on a regular

basis, on time scales ranging periodically. They can get distrantédivergefrom

their specific migration routes. Further,may become harder for some animals to

find mates because noise can blocksdi or t |, change or I nt er f e

communication.

National and international authorities require the marikeistry to run their ships
and floating structures ihabitability, comfort vibration and noise limitsAll issued
codesdirectivesor regulations concerning acceptable noise levels on ships intend to
improve measurement techniques;curate noise prediotn programs and hull

structure dynamic performance to overcome the noise and vibration problem.

It is difficult to change ships noise and vibration level, once they are produced.
Therefore scientists investigate methods to overcome this problem i pre
mandacturing stage, using statd-the-art technology.One method is the use of
Smart Materialsas passive or active dampei®ey can beused as sensor and
actuatorin intelligent structures and as elements of active nagls@tion damping
systems Although the promising potential of smartaterialshasbeen investigated

for decadestheir marine applications are not ofterund apart fromthe use irsmall

electronic devices.



It i s necessary to investigate smart m
theoretically with the helpfamodern simulation techniques to check teasibility,

location and amount admart materils which tend to be very expensive. Further,
trial-anderror approaches have the tendency to be ebstly, as well as inefficient

and time-consuming(Bertram 201) Computational methods used in this study

intend to solve governing equations with the approved boundanditions
numerically and semmumerically (e.g. finite element method, statistical energy

analysis).

1.2 Criteria and Guidelines for Ship Noise andVibration

There are international and national authorities such as IMO, EC, and ISO which
enforce noise andibration criteria.The regulations give safe noise and vibration
level for different types of ships and operation areas. It is necessary to be aware of
these criteria to apply suitable and economic treatment to prevent noise and vibration
high level. Theefore,havinganacoustical plamuringthe early stage afhipdesign

or maintainingperiods has becomerucial. This issue has caused an increasing

demand of research in this specffeld.

The I nternational Mar i ti me elBvelratariaTheat i o n
IMO Resolution A.468(XIl) (MO,198]) is the code on noise levels on board of
ships. The criteria included in this resolution are proposed to provide:

1 Protection from hearing loss

1 Safe workingconditions(considering the neetbr speeb communication
andhearing audible alarms

1 Comfort in rest

1 Recovery from effects of exposure to high noise levels



Resolution A.468 (Xlhas being supersedeyg bhe Safety of Life at Sea (SOLAS)
which is an international maritime safety agreemditte SOLAS regulation 1+1/3-

12 require new ships to be constructend a way thatreduces on-board noise and
personnel to b@roteced from noise, in accordance withe revisedcodeon noise
levels of ships However, the regulationi-1/3-12 has been updatetb set out
mandatory maximum noise level limits for machinery spaces, control rooms,
workshops, amommodation and other spaceshwardof ships. The Code will come

into effect when the new regulation enters into fancel July 2014IMO 20132).

The European Union (2003) has approvetleaty on tvo directives on noise and
vibration in the working environmentihe Human Vibration Directive 2002/44/EC
definesthe minimum requirements for the health and safetyvofkers exposed to
vibration. The Noise at Wrk Directive 2003/10/EC focuses ¢imee minimum health

and safety requirements regarding the exposure of workers to the risks arising from
physical agentss(ch asnoise) The directives quantify the noise impact in the short,
medium and long term of major sourcéS0O 2922:2000 sets the regulation of the

noise level of vesset inland waterways and harbo@SO 2000.

The directive 2006/87/EC namt&hnical requirements for inland waterway vessels
This directive is to control noise limit in dB\{weighted levels.Article 8.10states

the requirements farise emitted by vessels

1 The noise produced by a vessel under way, and in particular the engine air
intake and exhaust noises, shall be damped by using appropriate means.

1 The noise generated by a vessel under way shall not exceed TA-dB
weighted at a lateral distance of 25 m from the ship's side.

1 Apart from transhipment (loading and unloading) operations the noise
generated by a stationary vessel shall not exceed 68Adieighted at a

lateral distance of 25 m from the ship's side.

ISO 3746.2010 is a similar standard to 2006/87/E@etérmins sound power levels

around a static source such as a moored(sb@ 2010.



ISO 6954:2000(previously ISO 69541984) isa criterionof asessment for ship
structureborne vibration. The criterion wamsed on evaluation of human exposure

to wholebody vibration with respect to the comfort or annoyance ofghesons on
board. An overall weightetbot mean squar@.m.s.) velocity is used ihabitability

and comfortmeasurements to ISO 692800 in a frequency range from 1Hz to 80
Hz. Ther.m.s.value is relatedo the energy content and is used in measurenoénts
vibration. Fast Fourier Transform (FFT) is used to record vibration responses in the
three translational directions of a ship (longitudinal, transversal and vertical).

Measurements are carried out a@deat two locations on each deck.

1.3 Ship Noise and Vibration

Ships are installed with mgntypes of machinery, causindifferent noise and

vibration levels. Most commercial vessels are bailtstee] which is a lightly

damped materialThere aretwo mai t ypes of shipsd noi se

structure borne and fluid borne, giverFigure1-1.

Noise and
Vibration
r N\ Sources
Structure Borne Fluid Borne
Engines Propeller
Gear system TU;EJ%E;?% ::ow
PUmPs Exhaust system;
Structure A
\_ ) \ )

Figurel-1: Main noise and vibration sources
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These sourcesause propagatioof vibration energy to adjoining structgrend
surrounding fluids (air andvater) Figure 1-2 illustrates the noise radiation from a

commercial ship.

Figurel-2: Demonstratiorof noise radiation

1.4 Noise andVibration control

Any motion that repeats itself after an interval of time is called vibration or
oscillation(Rao and Yap 1995The vibration in machines and structures result
oscillatory motionthat propagates in surroundirtpmain (air, water etc.)This
motionis known asoise (orsound. Noisecan also be produced by the oscillatory



motion of the fluid itselffor exampleturbulent mixing of a jet with the atmosphere,

in which no vibrating structure is involvéborton and Karczub 2003

There are several optignshich can be utilized to mitigatee vibration and noise.

T
T
T
T

Optimization of structuratlesign in terms of vibration

Adequate and resilient isolation

Localized additionsuch as brackets, stiffeners etc.

Application of damping devicesich as viscoelastic materiaillicone rubber,
butyl rubberetc)

Feedback systems such as actuators amdducers

The common point of these options is thecillation energy (kinetic energy)

dissipated by external applications or the system, which can naturally damp the

oscillation itself. The dissipated energy becomes potential energy or kinetic energy

for the external system. Therefore, noise and vibration mitigation techniques can be

grouped by means of energy control systems:

1 Passive ControlNo external energis appliedto the vibrating system amb

intelligentsystemis used to control and mitigatembise and vibration. Viseo
elastic layers are used as dansper

Semipassive control: No energy is given into the vibrating systar the
system is connectetb energy conversion materials such as piezoelectric
materials and magnetic transduceksiesstive shunt circuit is connected

the systemthereforevibration energy is diverged to an electrical circuit.
Active control: An intelligent feedback loop control deviseincluded. The

device includesensors, gain controller, amplifier, and actuator



Active damping sytems are difficult to apply focomplexlarge structuressuch as

ships, because the system needs always external power supply and a qualified
technician to control and maintain it. The environment surrounding the active
damping systershould be well insulated to prevent possible damage due to humidity

etc.

Passive dampingmitigates directly vibration by dissipating kinetic energy of
vibration. Passive dampingsystems arecheagr than active ones. However the
passive systems have disadtages such as increasing weight and poor performance

in the lowfrequency range.

Semipassive systemsuch as theiezoelectricshunt circuit, can be considerad
alternative to active control techniqueSemipassive systems neither require an
extenal power supply nor a feedback control syst&wy.attaching a piezoelectric
material to a resonant mechanical structure and shunting the material with electrical
impedance, kinetic energy from the resonant structure can be dissipates].

vibration contol is possible when a piezoelectric plate is usedhe structure.

1.5 Smart materials

Smart material{SMs) are defined as materials thate able toadapt toeither a
changing externabr a changing internal environment. é€Be environments can be
stress temperature, pH, moisture dageafailure as well as electric and magnetic
fields. Mainly, there are four unique features of SMs:

Capability of property change
Capability for energy exchange

Discrete size or location

A

Reversibility



Commonly, smart matels are used as actuators and sensors. Thsgassible to
change system characteristi(giffness or dampingas well as system response
(strain or shape There are different smart materials. This study focuses on
piezoelectriamaterial, as it isvidely usede.g.in automotiveandaerospacendustries

to measure andactively control noise and vibrationcontrol In Figure 1-3,
piezoelectric materials were used as an actuator to reduce flow induced noise and

vibration of jetengine stator (Crocker, 2007).

Stator

Actuator Fan

Figurel-3: Active noise and vibration control for jet engine fan

1.6 Layout of the Study



This thesis is organized into eight chapters. Chapigrds the Motivation for th

study performed. The major noise and vibration sources in ships are identified.
Existing solution systems are given and smart materials are briefly introduced as an
alternative solution to reduce ship noise and vibration. Following the presentation of
Aims and Obijectives irChapter 2 a Literature Review is given in Chapter 3.
Important regulations, previous research and smart material (in particular
piezoelectric material) applications regarding (ship) noise and vibration, are
described. Chapter 4gjives the Methodology. Elementary concepts of vibration
mitigation with piezoelectric material for numerical simulation are introduced.
Statistical Energy Analysis (SEA) and Finite Element Method (FEM) are briefly
reviewed. Chapter 5 focuses on the Theory obipaspiezoelectric shunt damping
systems. The foundations of piezoelectricity and electromechanical coupling are
reviewed. Further, the governing equations of motion of the FEM for piezoelectric
material are introduced. Electrical circuit parameters fer REM are also given.
Chapter 6 presents a numerical study carried out for the purpose of Validation. The
simul ated Application of a piezoelectric
appendage is given @hapter7. Chapter8 drawsdiscussion anduture worksfrom

the study and makes recommendations for further sithiy.overall conclusions are
given inChapter.

Supplementary information relevant this study is providedin the appendices
Appendix A provides detailed information on StatistiEalergy AnalysisAppendix

B presentshermodynamiaconsideratiorand Gibbs free energjunction. Appendix

C gives ANSYS® APDL codeswhich areused to model the beam in chapter 6
Appendix D presentshe elements used for FEM in ANSY.SThe piezoelectric
constants are shown in Appendix E. Root mean square is shown in table form in
Appendix F. The complete list of piezoelectric coupling constants is given in
Appendix G. The detailed results of the LNG application are shown in Appendix H.
The basics of fing element analysis are introduced in Appendix I. The processes of
a numerical calculation in ANSYS are given in Appendix J. The alternative forms of

the piezoelectric constitutive equations are introduced in Appendix K.



1.7 The Summary of the Chapter

In this chapter the phenomenon of ship noise and vibratwwas explainedThe main
national andnternationalnoise and vibration criteria regarding ships were giwen t
support the motivation of this studgeneral noise and vibration mitigation methods
were brefly given. The smart material concept was presented and the use of
piezoelectric materials was highlighteBinally, the structure of the thesis was

introduced in a logical manner.
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2.Aims and Objectives

2.1 Aims

The overall aim of this study is tavestigatethe feasibility of using smart materials
to attenuate the vibration and noise on board ships and develop suitable

prediction/assessment techniquBse scope of the study will cover:

1. Prediction of ship vibration level

2. Mitigation of ship vibration level

2.2 Obijectives

In order to achieve the overall aim of the thesis following specific objectives will be

addressed in this research study.

1 Review of Noise of vibration damping techniques including smart materials
and their potentiads noise and vibration daing.

71 Investigation of working principals of Smart materials and feasibility of smart
materials for mitigating the ship noise and vibration

1 Development of most suitablmathematical and numerical modelling for
Smart materials and their implementation onigating the vibration onboard
ships.
Validation of the developed approach for modelling the smart materials
Application of smart material®n ships through a parametric study to
investigate the effectiveness of the smart materials to reduce the vibnation o

board ships

1 Recommendations on the use Srhart Materialswith regard to noise and
vibration damping for the broader marine community

11



3.Critical Review

3.1 Chapter Introduction

In Chapter 3 critical review, based on thepen literature, is given. The @pter

starts with areview ofnat ur e of shipds structural
discussion of means to isolate noise and ship vibration (3.3). The chapter then
presents the notion of damping of vibration (3.4) andhrt material applications for
mitigating noise and vibration (in subchapteb.Finally the review of modelling
techniques of noise and vibration are discussed in 3.6.

32 Nature of ShRgpanses Structur al

Identification of the fundamental natural modes of a ship in the early desigrssta
very critical in order to avoid possible problems suchdefrmation, structural

failure, and interferencef equipment, human and environmental factors.

As ships are complex structures they haweumber of modes of vibration in the
vertical, horiontal and torsional directions. Before giviagletailed structurahodel

of any ship i is common to express a ship kgitder vibration by representing the
ship as a beam structuileigure 3-1 presens the basicglobal mode shaped a ship.

V stands for vertical vibrationl; stands for tortional vibration andde stands for a
locationof zero or minimum deflection. The node numbers are proportional to modal

order(natural frequency).

12



NEUTRAL AXIS

Figure3-1: Modes of hull girder vibration (Vorus 2010)

Johannesseand Skaar(1980)collected data from segoing ships and estimatdiae
natural frequencies of the first four vertical bending modes of general cargo ships
and of he first five vertical bending modes of tankers. They employed the ship
displacement to define the hull girder natural frequenfciethe chosen mode order

(seeFigure3-2).
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Figure3-2: Natural frequeaies of vertical hull vibrationJohannesseiskaar1980)

Nilsson and Yvand (1981) presented the general noise spectrucawtating ship

propellers Figure3-3 shows henoise spectrum level which hasuf regions:
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1. Low-frequency that contains blade frequensy and its harmonics The
meanpower level increases a8.

2. Mid-frequency that starts at bubble frequemwgy The mean power level
increases as~2

3. Intermediatdrequency ighetransition regiorw; from Il to IV.

4. The hgh-frequency region starts at dulb frequencyw, and the mean power

level decreases ag>.

SPECTRUM LEVEL

“o Wy y g log
FREQUENCY
Figure3-3: General noise spectrum atavitating propelle(Nilsson and Tyvand
1981)

Nilsson and Tyvan@l981)explaned the fluctuations ohe sheet cavitation volumes
in region | and Il. The pressure fluctuations seem very smooth at the high frequency
noise in region IV. In this region, oscillations due to cavity collapse or shock wave

generation would be expected to be observed.

Asmussen and Mumif2001) presenteflindamentahatural modes for different type
of ships which were simulated with finite element models (FENheir study
explaired the relation between thehips and the natural frequeres. Figure 3-4

shows theglobalmode shapes andatural frequencies afie ship
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Figure3-4: Natural torsional and vertical bending modes of various ship types
(Asmussen and Mumn2001)

Asmussen and Mumn(2001) also introduced natural frequenciesf typical ship

membesin a wide band.
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Frequency [Hz]

Figure3-5: Natural frequency ranges in shipbuilding applicatidsmussen and
Mumm 2001)

Noise and vibration propagation can be descrdmedn energy flow from a source to

a receiver. Ships are equipped with several machinery systems and have appendages
such as rudder(s), keel(s) and fin(s), which can cause vibration due to combustion,
rotation and flutter flow. These systems are connebtethany transmission paths

such as ship structure (solid domain) and surrounding water and air (fluid domain). A

noise and vibration radiation model is illustratedrigure 3-6.
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~ Path
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Figure3-6: Noise and vibration radiation model

Koko et al (2002)llustrated the sources of noise within a ship's structure with its
mounting system, as schematically depictedrigure 3-7. The figure shows the
various vibroaoustic paths through which the engine vibration is transmitted to the

ship structure and eventually radiated into the surrounding mediums.

SST
@
Propeller E@) Exhaust TSA SA
@Aép.lgp-sp‘ o @-—SS T@ --IAS@ Tank .
Drive shaft - Engine Cooling e, ) |© SA
- (1) ss @ —= *@
S5 0] | Raft | ®SS® SA@ @l -
SSl S5 SS 55 Ship hull
&CD (1)
SA AA

Figure3-7: Typical marine diedeengine mounted on a ship hullgko et al. 2002)
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In Figure 3-7, AA is acoustic to acoustic coupling, SS is structural to structural
coupling, AS is acoustic to structural coupling, SA is structural to acoustic coupling.
The relative importance of energy comglifor radiation into seawater is illustrated

by number (1) for more important and (2) for less important.

3.3 Isolating Noise and Ship Vibration

Isolation is one of the ways to reduce or cancel the noise and vibration transmission
between coupled systemy mtroducing discontinuities in order to decouple two
points along the transmission paffhe concept of the isolation can bgplained

with a massspringdamper modelFigure 3-8 shows the system of steadtate
harmonic vibratn for a single mass elemeM.is the massK is the stiffnessC is

the dampingx(t) is the response frequency functid(t) is the simple harmonic

exiting force of amplitud€& andw is the frequency of thescillation

fit) =Fcosw t

x(t) =
Xcos(W t-a)

L

b L LTI T

Figure3-8: Steadystate harmonic vibration of osreass systerfiVorus 2010)

In Figure 3-9 the basic behaviour of the ongass vibrating system is given (Vorus

2010).w is indicated as a excitation frequency amdis the natiral frequency of a
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system éngine foundatiortc). If w/w,=1 exciting frequency is equtd the natural
frequency of the system. This is-called critical zonelntroducingflexibility (low
stiffnesg can shift the natural frequenciesderto the zone lower than natural

frequency.
L) T‘ 1
0 l
. N A 0.05 '
: 0.10
R ‘ 15 C N
k == a l
T, e 0.25 2ZMw,,.
X l
Flk |__ 0.375 |
1
050 |
1.0 —-
l 1.0
1
L |
0 0 2.0 30 30 50
w
M.

Figure3-9: Vibrationresponse&haracteristic, oneass system
Discontinuitycan be of two natures:

1. Geometric discontinuitiesan element of almost the same miateis
inserted but with a much lower section area in order to have a lower
rigidity (steel spring

2. Material discontinuitiesa material with different elastic propertiess

interposedrfachinery rubber mounting, floating flgor

Figure 3-10 shows the basic model of floatHfigor construction. Plate 1 is simply
supported and exited by a bending moment at x=0 and Plate 2 is supported by a

continuous elastic interlayéNilson 1977)
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PLATE 2

'mmmmmm

PLATE 1

Figure3-10: The model of floating floo(Nilson 1977)

3.4 Damping of Vibration

Damping ismitigating energy from vibrating structure and dissipating it into heat
energyby repeated hysteretic cyclédiscoelastic materialand rubber damping are
introdued for their damping capabilitiassed as dampeFigure 3-11 showsthe
loading and unloading curve in the strsti®in plane creates an area (highlighted in

grey) proportional to the dissipated energy per cycle.

G A

Figure3-11: Example of hysteretic cycle of a viscoelastic material

The damping effect is proportional tioet areasize of the hysteretic cycl®amping
materialsareparticularly effective in areas where large deformegiare present and,

accordingly, large strains are imposed to the materials themselves.

Although the introduction of resilient mounting systemaasisolating machinery

support reduces vibration levels on the engine foundation vibration level on the
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machnery itselfmay increase. In addition the machinery system has become more
sensitive for excitation sources related to unbalance and misalignment (Silenv 4.2.2

D 4.7 2012.

Furthermore, temperatureay be an important factor affecting the performance of
damping materialsAn appropriate damping material must be selected for the

expected operating environmeRtgure3-12 shows that the total loss is a function of

the temperature.
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Figure3-12: Variation ofthedamping performance of an unconstraiheger

treatment withtemperatureNashifet al. 1985)
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3.5 Damping through Smart Materials

3.5.1 Smart Materials

Smart materials resemble biological structures or systems. Ac lessiential
configuration of a biological system includes a control centre, sensors, actuators, a
host structure and an energy source as can be sEgume3-13.

Control centre
(Brain)

Actuators

Host structure

(Body)

Figure3-13 The basic essential configuration of a living syst@tadhawan Q07)

Gabbert and Tzo(R007)desribedapplicationsof SMswith different terms such as
smart structures, intelligent structures, adaptive structures, active structures,
adaptronics,and structronicsSMs weredefined as materials that can adapt to
extanal loads or environmental changing. Thisvisy SMs arevery similarto what
biological structures or systems are doing all the time.

There are a number of smart materials ggezoelectric and electrostrictive

materials magnetostrictive materials, gf@mmemory alloys, optical fibers,
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electrorheological and magnetoeheological fluilseir common applications can be
seen inmicrophones, loudspeakerslectrodynamic actuators, as well lagdraulic
and pneumatic actuatofSchwartz 200p

Gandhi and Thompson (1992) showed the historical developmwierhaterial

technology. Their study showed examples of the application of smart materials.
Useful decisiormaking algorithms for material selection and comparison of smart
materials were presented in terms of cost, technical maturity, linearity, working

frequency range, and temperature.

Banks et al. (1996) introduced fundamental mechanisms of smart materials such as
piezoelectric and electrostrictive elements, magnetostrictive transducers,
electrorheological (ERJluids, shape memory alloys, fiber optic3heir study
highlighted also advantages and disadvantages of smart materials. Feedback control
methodologies were discussed and theatrical applications were supported with
experimental validations. They presented their application oreselfation/sel
sensing methods for detection, characterization of damage and active control of

structural vibrations and structdb®rne noise in smart material structures.

Koko et al (2002) reviewed the application of active noise control (ANC) for noise
and vibrationof ship engines, machinery and appendagsy also recommended
sensors and actuators for ship noise control requiring intelligent feedback systems

which can be very complicated to operate and maintain as well as pricey.

Hurlebausand Gaul (2006) reviewedmart materialapplicatiors in dynamics
technologies. Their applicationgere given as sempassive concepts, energy
harvesting, semactive concepts, active vibration control, and active structural

acoustic control fields.

3.5.2 Piezoelectric M aterials

Crystal physics covers pyroelectricity, permittivity, piezoelectricity, elasticity,

specific heat and thermal expansion. The interaction between electric field strength
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and temperature is called pyroelectricity. Piezoelectricity can be explained as a
relationshp between electrical and mechanical systeiszoelectric materials (and
pyroelectric materials) are made from ferroelectric crystalsey have been

commonly labellechs smart materi@nd applied as actuator and transducer.

The following literature swey about the researdi piezodectric materials is given

in chronological order.

The piezoelectric effect wadiscoveredn 1880by the Curie brothers whaostudied

the relationship between pyroelectric and crystal symn{€uyie and Curie 1880

A material which has pyroelectric properties can generate electricity under heat,
whereas piezoelectric materials can generate electricity under prégsomeng that

the electrification is geneted by mechanical pressure yhmvestigated in what
direction pressure should be appli€the of the early applications piezoelectric
material was made to detect submaringsade in the early 28 century Pal
Langevinused quarsteel sandwich transders, which arédnencecalled Langevin

type transducerin ultrasonic engineerindglkeda 1996).

Lawson (1942)investigatedthe dynamic characteristis of infinite piezoelectric

plates He located a piezoelectric crystal between two grounded electrodes and
introduced a function to define resonance frequencies of free vibrating piezoelectric
plates. His function has limitations as the boundary conditions are chosen for zero

volt electrical potential.

The dynamic equations of piezoelectric materials were eleity Tiersten (1962) for
the first time. He introduced linear piezoelectric constitutive equations for the
thickness vibrations of an infinite anisotropic plate with installed electrodes on the
top and thebottom surfacesTiersten satisfied the differaat equations of linear

elasticity for piezoelectric materials.

The properties of piezoelectric crystals and ceramics in the field of electroacoustic
transducers were reviewed by Jaffe and Berlincourt (1965). The variables of linear
piezoelectric constitive equations are presented in an electroelastic matrix for

Crystal Clas2MM (seeTable 3-1). This matrix gives a formulation to understand
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the relationship between electrical properties and mechanical properties. For

example,

Independent variabE, T 3 A % O 4 31
Independent variabE T $ A % A 4 3-2
Table3-1 Electroelastic Matrix for Crystal Class 2MM

Bi |E2 |Bs |Ta [T2 [Ts [Ta [Ts [Ts
D1 |eun dis
D €2 o4
Ds €3 |O3 |ds2 |33
S 31 | S11 [ Si2 | Si3
S ds2 [ S12 | S22 | 23
S O3z [S13 |S3 | Ss3
Sy d24 Sua
S | dis Ss5
Se S66

whereT is the stress anflis the strainE is the electric fieldD is the displacement,
The piezoelectric compliances atdstrain coefficients)e (stress coefficientsk is

the elastic compliances

Dokmeci(1974) studied piezoelectric materials for low and high frequency vibration.
He introduced the theory of crystal finite surfaces and asedriational theorem
derived from Hamilton's principle in the thrdanensional theory of linear

piezoelectricity.
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Haun & al. (1987) conducted experimental studies on the properties of piezoelectric
materials. They used higemperature xay diffraction to determine the
piezoelectric constant$ (meter per volt) and) (meter per Newton The output is
given inFigure3-14 andFigure3-15. Those constants were usedhe tlastic Gibbs

free-energy expansion and the equatians explained in Appendix B.
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Figure3-14: Piezoeéctric voltage coefficients {yplotted vs. temperatu giaun et
al. 1987)
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Figure3-15: Piezoelectric charge coefficients;)elotted vs. temperatufglaun et
al. 1987)

Ray et al. (1993) presentetietexact solutions for static analysis of a simply
supported rectangular platgpe intelligent structure. The structure is composed of a
laminated substrate of graphite/epoxy composite coupled with distributed sensor and

actuator layers of biaxially polaridepiezoelectric polymeiPVDF).

Tzou (1993) investigated theelectromechanical phenomenasf the coupling
betweenthe elastic and electric fieldsle proposed a linear piezoelastic tbhell

vi bration theory. The theor yle wha dneabased
piezoelectric theory, and the Kirchhdfbve hypothesis which neglects the effect of

transverse shear deformations and rotator inertias.

Piezoelectric sensors and actuators were investigated by Hwang and Park (1993)
using the finite elememhethod. They modelled the mechaniebdctrical interaction

and developed an efficient finite element code for vibration control with piezoelectric
material. They presented one of the early numerical applications of an active

damping system as the systeaula feedback controller.

Zhou and Tiersten (1994) applied voltage on the top and bottom surfaces of a
piezoelectric material laminated onto a composite pExternally applied voltage
forced the composite plateto cylindrical bendingThe shearing s#iss along the
interface between the top surface of piezoelectric material and the top surface of the
composite plane was obtained by using an elastic solution. Plate theory and three

dimensional elasticity were used to validate results of the linearcetadtitions.

Harris and Priesol (2002) presented the piezoelectric material types and their usage
in measurement, testing, design, and control fields. The applications of piezoelectric
materials were given for different working conditions and applicatieassSome of
themostknown piezoelectric materiadgeintroduced below:

1. PZT (lead zirconate titangtes the most comon piezoelectric material

PZT is a polarized ceramic used in accelerometers, sonars etc. This material
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is low in cost, high in sensitity and durable in the temperature range from
100°C to +288°C.

2. Quartz is a singlerystal material used in accelerometers, watches etc. It has
a substantially lower sensitivity than polarized ceramics, but its
characteristics are very stable with timmeldemperature; further it has high
resistivity.

3. Lithium niobate and tourmaline are singlg/stal materials used in
accelerometers at high temperatures (up to 649°C and 760°C).

4. Polarized polyvinylidene fluoride (PVDF) is an engineering plastic similar
to Teflon. It is used as a sensing element in accelerometers and active
damping systems. PVDF materials are highly pyroelectric, as a result they
are also used as thermal sensing devices. PVDF is an economical material,
however, it is less stable with timaditemperature changes than ceramics

or singlecrystal materials

Fernandes and Pouget (2003) created a new analytical approach to evaluate static and
dynamic performance of piezoelectric bimorph structure. They refined the elastic
displacement and elewal potential to develop the approach. Two different
arrangements were investigated as series and parallel bimorphs. The results were

compared to results from the Lowérchhoff theory and the finite element method.

3.5.3 Piezoelectric Shunt Damping Systems

Piezoelectric materials have typically been used for sensor and actuator applications,
because of their straitlependent charge output. This ability led to the invention of
many devices such as accelerometers, sonars, microphones, load cells, etc. All of
these applications can be called sensors as they sense the dynamic or static loads.
Forward (1979) suggested a passive damping system and an active vibration
controlling system by using piezoelectric materials. plisneemg concept was
explained experimeally. He usedsmall piezoelectric transduceb®nded on the

glass frameDynamic structural responses were reduced by inductive shunting.
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The earliest mathematical model afgsivepiezoelectric shunt dampirgystemwas
introduced by Hagood and von Flotqd991). They configured this new damping
method with apiezcelectric material which was bonded on a base structure and a
simple passive electrical circuit was shunted with pilebec material (se€&igure
3-16). The electricakircuit had also different configurations. Each configuration had
different electrical components such as resistor, inductor and/or capacitor. Hagood
and von Flotow established derivation and analytical foundation for analysis of a
general system with shted piezoelectric material. They also classified two shunting
circuits: the resistor circuit and the resisitmuctor circuit. Their experimental study
was carried out with a cantilever beastructure and a gadoagreement found
between the equivalent cuit approach and the real model. Hagood and von Flotow
defined the materialoss factor as lgh as 42% in longitudinal loading case for
common resistor shunted piezoelectric. For this reason,-plertt damping systems
can be seen as an alternative toceedastic materials in structural damping

applications.
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Figure3-16: Simple physical model of a uniaxial shunted piezoelectric and its

equivalent electrical network (Hagood and von Flot&@9()
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In the mssive piezoelectric shunt damping approach, the electrical output of the
piezoelectric material is used for damping purposes rather than séAstog and
Sodano 200y This approach is regarded simple, lowcost, lightweight, and easy

to-implement(Fein 2008.

Holkamp (1994) investigated the performance of passive piezoelectripirdam
devices for a vibration beam. Successfully, he achieeatneductionsof responses
as19 dBand 12 dB in the second and third bendimadesrespectively.

Piezashunt damping systems were reviewed by Lesieutre (1998). He explained four
basic types opiezoshunt systems causing a characteristically different eleetrical
dynamics behaviour. Configurations of the different shunt circuits were given as

inductive resistive capacitive switched.

Steffen and Inman (199%}udiedactive vibrationcontrol sytems and passive shunt
damping systems with piezoelectric materials. Instead of comparing the techniques, a
general methodology was presented for optimal design of piezoelectric mdtarials
mitigating vibration over a frequency bantheir study also mvided information

regarding the attenuation or reduction of the vibration.

Park (2003 studiedsimple beam vibration damping with a piezoelectric material
shunted circuit (resistanductor circuit). He analysed the circuit components in

series and in peallel setups which arghown inFigure3-17.
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Figure3-17. Schematic drawings of experimental setup for: (a) a seriesaRd (b)
R-L shunt circuit (Park 2003

Park (2003)further developeda piezo/beam system combined with a seded a
parallel resistonegative capacitor branch circuithe system had piezoelectric
damper connectei a series and a parallel resist@gativecapacitor branch circuit
shownin Figure 3-18. His theoretical analysis shaa this damping system could
significantlyreduce the multiplenode vibration amplitudes over the whole structural
frequency rangePark (2003) also applied synthetic inductorThat helps to reduce

the size of the inductor and provides various inductance.
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Figure3-18: A schematic drawing of the shunted piezo/beam sygtark 2003)

Wang (2004) nvestigated the effect of different finite element madglisuch as a

different number of finite sulayers, two dimensions and three dimensions. This was

done in order to establish more accurate and efficient piezoelectric models. In
Wangds study a frequency shiftingaywas sh
conditions were appliedMeitzler et al.(1988) reported the frequency differences
between two boundary conditions, which were defined as the generalized
electromechanical coupling constanK;). The coupling constant defines a

pi ez oel ec tsrfirst orderadleetnicatmnheéhanical energy conversion
efficiency.Kj is a measure of efficiency, but not the actual efficiency.

Park and Baz (2005) prasted theoretical and experimental techniques for simple
and effective passive vibration dampershaiegative capacitive shunting. A pair of
interdigital electrode piezoceramics was used to mitigate multimode vibration of a
simple beamParkand Baz use@ hybrid passive damping systammitigate the
multiple vibration modes of beamdhis damping syem contained multilayers
(constraining layer, piezoelectric material, viscoelastic layer), which were bonded on
to a base beam elemeand a resonant shunt circuitas bonded to piezoelectric
material. As a consequence this unconventional damping systsma wide

frequency range damping capacity.
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All those passive piezoelectric shunt damping systems were applied to simple
geometries such as beam elements and cylinder bodies. This can be problematic if
this damping system is applied to complex geomeftike ships), which have a
number of structural members. Barker et al. (2005) presented a finite element model
solution for piezoelectric elements attached to a host structure to reduce the vibration
of the system. They further made parametrical invesbiga of piezoelectric shunt
damping. Tlese parameters included poelectric patch thickness and impedance of

the passive electrical network.

Nguyen and Pietrko (2006) used the finite element method to simulate actuator
beamsensor vibrating systems. A mmercial software (ANSYY was employed

for the numerical model. A resistaniceluctor circuit was chosen as an electrical
component to be connected to piezoelectric material in order to mitigate vibration.
They optimized tuned values for the resistor amtlictor of the shunt circuits at the
resonant frequencies. This numerical application successfully calculated the

dynamics of the system and simulated vibration reduction was achieved.

Anton and Sodano (2007) reviewed vibration energy harvesting. Th&lighted
the important parameters, operation condition, aadfigurationof piezoelectric

material with examples from literature.

Fein (2008) studied piea@sistive damping systeamand developed a two
dimensional analytical modeHe improved the basiconcept of a damping system
for onedimensional structureand developedthe more general twdimensional

model.

Min et al. (2010)investigate the effectiveness of a piezoelectsbiunt circuit
damping systenfior the turbo-madinery rotor blades vibrain control, specifically
for a condition with centrifugal rotatio® FEM of piezoelectricshuntedcircuit was
used for carrying out harmonic analysis. This analysis was used to simulate vibration

dampingof rotating blades.

Khaligh et al. (2010)nvestgatedharvestingkinetic energyof small scale devices.
The devices had functionalities such as wearable electronic devioasile

electronics and seffowered wireless network nodekheir studysummarized the
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technical ratings(output power, size, massjsage frequencypf the existent

piezoelectric generatars

Kim et al. (2011) studied passive and active piezoelectric shunt damping systems for
a single degree of vibration structure. Resistdndector parallel circuits were

analysed by using the impaacemobility approach for passive damping.

Han et al. (2012) used approach calledisynchronized switching damping on
negative capacitor and induaboiSSDNCI).It is an adaptive shunt damping circuit
which consists of a switched inductafresistancenetwork (SSDI)and is connected
in parallel to a negative capacitance for improved damping performance.

3.6 Review of Modelling Technique

Lyon et al.(1959) developed the Statistical Energy Analysis (SEA) method to predict
dynamic performance of thin spaceaft or aircraf structures The target structures

have complex geometry and they aseited bysources such as jet noise, turbulent
boundary layer, etcSEA is a successful tool to predict structural responses (as
average vibration amplitudes) and soupessure in space vehicles, airplanes,
buildings, large machines and ships in a high frequency band. The SEA energy
balance equations result in a set of linear equations that can be used to calculate loss
factors, coupling loss factors or net energy flawsl incoming powerélLyon and

DeJong 199p In SEA, the entire structure is divided into coupled, simple
subsystems to be analys&igure3-19illustrates a simplified model of a ship.
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Figure3-19: Simplified ship stucture (Crocker, 2007)

Sawley (1969), Jensen (1976), Kihiman and Plunt (1976) applied the approach to
predict a shipds noise |level. Their noi s
with measurements. However, the predictions were not accurate owttieetjuency

level. Although the SEA approach predicts noise levels successfully in the high
frequency range, it still needs parameters such as coupling loss factors (CLF) and
noise level of sources. These parameters should be estimated or measured to
compete numerical setting up before any calculation. Therefore, a number of studies
have been estimating CL{Fahy 1982 Gibbs and Tattersall 198Craik and Smith

2000. De Langhe(1996) introduced different approaches to predict noise and
vibration. Mainly, he compared the statistical method and deterministic mgthgds

finite element method, boundary element method). His study can be seen as an useful

guideline for differenprediction techniques of structural dynamics.

The Finite Element Method (FEM) has been widely used to simulate and solve a
structural problemof ship since early seventies. Genalis (1972) explained the

technique briefly as five sequence steps:

1. Discretization of the structure. A collection of simply connected domains,
called finite elements, represents the true structure.
2. Discretization of thdield variable. It is assumed that the finite elements are a

form of a continuous variation of forces and/or displacements.
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3. Local and global stiffness. Each element has (local) stiffness. As the overall
structure is composed of many elements and theseents are connected at
their adjacenpoints (nodes)superposition of the local stiffness matrices will
lead to the global matrix . The global matrix relates the nodal forces and
displacements of the assembled structure in its coordinate system which is
transformed from local coordinated to global coordinates.

4. Solution for the displacements. Unknown variables in the global matrix will
be obtained by some methods (Gaussian elimination, matrix decomposition,
partial pivoting etc.)

5. Stress computation. Thebiined displacements are used to calculate the
stresses based on the strain field derived from the assumed displacement
pattern. Averaging techniques may be employed to interpret the results at this

step.

Genalis (1972) applied the FEM to a multihull st§SR-21) structural analysis. The
ship structure was presented as finite elements shoWwigume 3-20. He interpreted

the FEM in terms of definition of the structural modelling, the boundary conditions
and accuracy of findingssavell as required computational power needed to solve the

problem.
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Figure3-20: The FEM model of the half catamaran vessel (Genalis 1972)

Ross (1976) collected ship noise data simultaneously and cautecesearch on

In his statistical study, the source spectrum level of ships

prediction of noise level.

was estimated as a function of ship speed and displacement. The estimations were
38

based on a number of measuremeittsys inFigure3-21.
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Thefunctions were given as following:
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whereU,is ship speedinknotsamli s t he di spl acement tonn
method has, however, limitations regarding the maximum weight of ships (30000
tons) and the speed randéoreover, the results were given in terms lué bverall

noise level above 100 Hz. This means that the noise level cannot be investigated in a

wide frequency band.

Nilsson (1978, 280) has proposed a noise prediction prograntasied waveguide
methods, for early design stage to estimate noise laval ship. His method is
describing the structuseorne noise propagation. This method is similar to the SEA
method(Lyon and DeJong 1995The propeller excited hull plate vibration and full

scale measurements of a ship for different operation conditions were carried out.
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Nilsson made noise Vel predictions using a simple plate model in a tanktop
construction or in an engine foundation. However, uncertainties occurred for the

predicted noise level in the low frequency band.

Nilsson (1976, 1978, 1981) developed another method for extendinydv®us
noise prediction model. This model predicted the strudiora noise damping in the
junctions of plate panels and stiffeners of a ship structure. He highlighted that finite

element modelling was needed to estimate dynamic responses of the hull.

Brown (1999) provided a definition of hull plate acceleration. Further, he developed
an approach to predict the noise level of cavitating propellers. This approach was
based on the acoustic intensity, the number of blades and the diameter of the
propeller tip speed and the absolute head above vapour pressure. Brown suggested
that the level of cavitation noise can be reduced by the application of-fomeptd

leading edge outlines and more rounded blade section leading edge profiles. His
study can be useds a propeller analysis tool for early design state as well as
defining boundary <condition for a struct
area of sheet cavitation on the propeller blade and provided valo&dr@ationfor

the cavitation developmé at the near field o& propeller.This approach can be
improved when the volume of the cavity is takato account becauseravelling
cavitation bubblesfrom near field to far field, are collapsing after reaching the
maximum volume. This situation eses noise in the high frequency range. The noise
level can be estimated based on the volume of the byBaecio and Brennen
1991).

3.7 The Summary of the Chapter

In Chapter 3Previous studies investigating noise and vibration in ships and smart
material applications for noise and vibration controlling techniques were presented
and discussed. i&phasiswas puton piezoelectric materialand vibration damping

with passive piezoeléric shunt electrical circuits. The critical review given in this
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chapter intended to highlight the main findings of past research. The investigation of
damping ship structural vibration with piezoelectric mate and passive electrical
circuitshasbecometie main focus of thistudy.
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4 Methodology

4.1 Chapter Introduction

In Chapter 4 the methodology is given to satisfy aims and objectives of this study.
The concept of passive piezoelecsluntdamping isanalysed in subchapter.2i

Then theFinite Element Analysis and Statistical Energy Analysied tocalculate

noise and vibrationn this studyare briefly explained in subchapter 4.Binally the

case studies employed to fulfiled aim and objectives ereoduced in
subchapter4.4.

4.2 Methodology of Piezoelectric Shunt Damping

A piezoelectric shunt damping system is a passive vibration damping system
including piezoelectric material and an external electric cir@fd#ggood and von
Flotow 1991; Hollkamp 198 Lesieutre 1998; Park 200Bark and Baz 2005; Haat
al. 2013).A vibrating structure is comprised of bonded piezoeleatraterial in

conjunction with an electrical network to mitigate the vibration energy.

Piezashunt damping systems can log different types depending on the
configuration of the electrical component of the circ@onfigurationsof four

different shunt circuits are listed beldlesieutre 1998

1. Inductive: An inductiveshunt circuitis a resonant (damped) absorlzrd is
similar to a mechanical vibration absorber. An inductive shunt causes a resonant LC

circuit (seeFigure4-1).
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Figure4-1: Inductiveshuntcircuit (Lesieutre 1998

2. Resistive: A resistancghunt cirait is a frequency dependent dampiagd is
converting vibration energy to joule heating. T™hresults in structural damping
(Figure4-2).

RESISTIVE

Piezo

Figure4-2: Resistiveshuntcircuit (Lesieutre 1998

3. Capacitive A capacitiveshunt circuit is a frequency depended stiffnesdalters
the stiffness of the piezoelectric materidechanical vibrationcan slowly be
mitigated with this approadffrigure4-3).

CAPACITIVE

G,

Piezo ==

Figure4-3: Capacitiveshuntcircuit (Lesieutre 1998

4. Switched:A switchedshurt systemis controlling energy transfer anths the

capability to vary rapidly in response to the instantaneous conditionsa of
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structure/shunsystem.Vibration energy can be converted with a switckadnts

system Figure4-4).

SWICHED
/

— .

Piezo

Figure4-4. Switchedshunt circuit(Lesieutre 1998

The most effective passive piezoelectric vibration adntonfiguration is the
Resistofinductor (RL) shunt controlEnergy is dissipated by joule heating through
a connected resistor (R). The inducthj is used for tuning thelectrical natural

frequency

This damping system can also be explained withahalogy between structural
elements and electrical elements. Resistor, inductor and voltage are considered as

spring, mass and alternating force.

A chosen circuit is connected to a piezoelectric material, located on a host structure.

A piezoelectriandudive-resistive shunt circuit is shown kgure4-5.

RESISTOR-INDUCTOR CIRCUIT R

X

e

Figure4-5 : Demonstration of a piezoelectric shunt circuit vibration damping system
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4.3 Methods to smulate noise and vibration

Generally vibrating systems are complex and, therefore, taking into account all
details of these systems for mathematical analysis can be quite challenging. Thus, the
most important features should be concentrated on. Crucial features include input

(geomety, material, excitations) and output (responses) factors.

There are several existing methods to simulate noise and vibration, for example the
Statistical Energy Analysi$SEA) for middle and high frequency noisération
estimation of shipsand the Finite Element Method (FEM) for low frequency
structural analysis of ships

4.3.1 Statistical Energy Analysis

SEAwas developed in 1959 by Lyon, Smith and Maidinik to predict the mean square
velocities of thin spaceraft or aircraft structuresexcited by source (such as jet
noise, turbulent boundary layer, efayhich are random in nature and contain wide
frequency bandsThe responses of complex systeane estimatedby using power
flows. The technigue focuses on the analysis of energy levels inardsmods of
coupled subsystem@®ichard H. Lyon1995. The detailed explanation of SEA is
given in Appendix A.

4.3.2 The Finite Element Analysis

The FEM is a numerical methpd whi ch has been usfed si nc
continuous systems in engineering. Very early applications of the method were to

solve complex structural problems occurring in the aerospace industry. The method

is used to estimatthe governing partial differential equatipwhen exact solutions

are not available.
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The structure is divided into a number of small elements (usualtgngdar or
triangular). Each element has nodes or joints and structural responses are continuous
at the nodes, where the elements are joined. In other words, a node is a point on the
structure representing the boundary between two elements and corregpdines
coordinate or point on the structure. In FEM the nodes are used to capture the global

motions of the structure. The basics of FEM are given in Appendix I.

4.4 Applications of the Proposed Model

A cantileverbeam structurés used to validate themethod (FEM), which is adapted
for passive piezoelectric damping system. ThBiG vessel and a sailingacht leel
are introducel to achieve the aim of the research in a logical manmnée
geometrical parameters of the piezoelectric materials and electoitgdonents of
the shunt circuit will be modifiedystematicallyThe location and the amount of the
piezoelectric materials are also investigated to find effectivepagrand reduction

of vibration

4.5 The Summary of the Chapter

In Chapter 4 the mechanisof the passive piezoelectric shunt damping system was
introduced. A resisteinductor shuntircuit was chosenfor application purposes of

this study. The choice was made based on findings of previous research regarding the
vibration reduction efficiencyfdRL circuits. A brief introduction was also given for

the noise and vibration simulation tools SEA and FEAthough SEA can be
successfullyapplied to many different structures of aerospace and marine vehicles
the extensiveuse of stiffened plating irhese structuresan causeomplication for

the usage of SEA. In these cases, it is necessary to use other numerical approaches
such as FEMIn the end, the applications of the study are introduced.

46



5.Theory

5.1 Chapter Introduction

In Chapter 5the theory of he passive shunted piezoelectric damping concept is
given In subchapter 5.2 ipzoelectric and electromechanicaphenomena are
introduced. In subchapter B the foundatios of electromechanical couplingre
presented.The constitutive linear piezoelectriequations are given in subchapter

5.4. Subchapter 5.5 presents the variational principles, used to create the governing
equation of motion for piezoelectric material. This is done by substituting
constitutive equations into the total energy formulation.gdgerning equations of
motion are partial differential equations, the FEM method is employed to calculate
these equations. In order to be able to use FEM the equations of motion must be
given in the form of the electroelastic matrix (in subchapter 5.B¢ electrical
parameters(capacitor, resistor and inductgrare expressed inhe nodalform in
subchapter 5.6. A theoretical approach based on the study of Park (2003) is
presented in subchapter 5.7. Subchapter 5.8 shows the definition of the capacitance

of piezoelectric materials.

5.2 Piezoelectric Materials

The Inear interactios betweenelectrical, mechanical and thermal variable
presenteds a diagranmn Figure5-1 (Ikeda 199%. The constitutive relationships and
coupling coefficients in a linearly coupled systane shown as wellThis diagram

helps to understand how mechanical, electrical and thermal properties are mediated
by the different materiatonstants (Ikeda 1996; Heywaeagal. 2008).
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Figure5-1: Interadion process betweeglectrical, mechanicand thermaproperties

The rectangles demonstrate the inteasvariables (e.gforce) and the circles
demonstratethe extensive variablege.g. displacement Thus, the piezoelectric
material characteristicarethe elastic, dielectriand piezoelectric tensor components
(Heywang et al. 2008).

The basis crystgbhysics formulation of a piezoelectric system is derived from
thermodynamic considerations. To generate the equations of state, thermodynamic
potentials ee defined in Appendix B. The elastic Gibbs feeergy equationare

used to determintne fundamentgbiezoelectric relations (Haun et al. 1987

5.3 Electromechanical Coupling

A piezoelectric system can be isothermal or adiabatic. In most of the situation
thermalmechanical and thermalectrical couplings are quite weak. Besides, the
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electromechanical measurements are generally made under an alternating field or

stress. Therefore, the observed piezoelectric constants are ad{deadiz.1998.

One of the kectromechanical phenomans coupling between the elastic field and
the electric field introdu@din subchapter 5.2The couplingcan be simplied when
thetemperaturegemains constan(D ¢0). Figure5-2 shows thesimplified version of

the pezoelectric effect
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Figure5-2: The pezoelectric effect
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The classifications of fundamental electromechanical relationd fasethe entire

piezoelectriconstitutive equations (Heywargg al. 2008 re given in Appendix K.

Oscillating systems can be treateither aslinear or norlinear. Most engineering

and industrial type noise sources and the associated mechanicalbwubredin be
assumed to behave in a linear mann&ithough the piezoelectric theory has
nonlinear electroelastic equations, those equations are reduced to the linear

piezoelectric theory. The small amplitude of an electroelastic body motion should be
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consicered under mechanical and electrical loaddason 1950 Mindlin 1972
Dokmeci 1980Meitzler, Tiersten et al. 1988

The electromechanical couplingactor k describes the strength of the
electromechanical response. The coupling factay also be considered as
efficiency of conversion oéithermechantal energy to electrical energiquation
5-1) or electrical energy to mechanical enefgguations-2). Althoughthe coupling
factor is measured in percentagés used a&’. (Ikeda 1996 Heywanget al. 2008).
The electromechanicatoupling constants of piezoelectric materials are given in
Appendix G.
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There is a conversion cycl# mechanical to electric enerdgr thicknessstretch

vibration. The steps of the cyclei (B are illustratedn Figure5-3. The nechanical

and electricatyclearevisualizedin Figure5-4.
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D3=0 T X3 T=0 f
5! I |
i Xy . ~Xq
¢ | pt JE3
ai
° ¥ T=0
T

Figure5-3: A conversion cycle of mechanical to electric energy
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Figure5-4: Strain(s)-stresqA) diagram andlielectric dsplacement (or flux density,

D)-electrical field (Ediagram

In practice, the electrical condition, which is important for defining the elastic
constant of the electromechanical system specified by either constabt or

constanE.
When stress is applied (step b) under shaitcuit (E=0) condition, the strain is:
Yoi, 5-3

where § is elastic compliance which ithe inverse of he Youngos mo d
(elasticity modulus)The extensionaglastic compliancés-) arises and polarization
(P) is included in the thickness directigatep b) The mechanical energynput

energy applied to theiezoelectriomaterial is:
® -i 5-4

Then, the shottircuit is opened (step b). To realize the siat®, the flux density
should be eliminated by adding a new opposite flux demXityT, this causes a

new field:

0O —0 5-5

51



The electrical field aoss the material increases at the beginning of step c

Mechanical energy at this stage is:

) -i Y 5-6
Stress is removeduring step cThatcreatesa new strainwhich is:

v 00 . 5-7
Thenew totalstrain becomegopencircuit + removing the pressure):

oy oy ey 5-8

Finally, the transducer connects to external Igadistance, inductor etc.) aide

stored éectrical energy is transferréd step d The electrical output energy is:
® ® ® S N % 5-9

The coupling factor 47 can be calulated as:

. W i i Q 5-10
Q - p

5.4 Linear Constitutive Equations of Piezoelectricity

The constitutive equatienweredevelopedor piezoelectric materials. The equations
were based on the elastic Gibbsdenergythermodynamiexpansionexplained in

detail in Appendix B.

Piezoelectricity equations were standardized in 1988 by the IEEE association
(Meitzler, Tiersten et al. 19838The linear piezoelectric relation of a piezoelectric

continuum (at constant temperature) is given as:
Independent variabl8,E £ 3 A % 5-11

A
Independent variabl8,E  $ A 3 R % 5-12
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The stress vector, has twodifferent types ofeffects mechanical and electrical.

Equation5-11 denotes the converse piezoelectric effect and Equatidhdescribes
the direct piezoelectric effect. In the linear piezoelectric constitutive equations, the

electrical field vector E is related to theelric potential fieldsogiven as:
0 %, 5-13

The strain tensoiY related to the mechanical displacement relations is:

vy

P, , 5-14
EOF] On

whereo j ando j aremechanical displacement gradiémtthe Gartesian coordinate

system iEj=1,2,3). An index, |, preceded by a comma denotes differentiation with

respect to the space coordingtdor example(Tiersten 1968

6rk —anddy k — 5-15

An alternative formula of the linear piezoelectric constitutive equations can be

created, when different independent variablexhosen, such as:

Independent variabl€,E Y i » Q O 5-16
Independent variabl6E O Q , - © 5-17

See Appendix K for allihear piezoelectric constitutive equations.

The linear piezoelectric constitutive equations can be written in a general expression

form as:
0O - Qo >18
Y Q i "

The electrical displacement vec@r(charge/aresC/nY) is:
(6] 5-19
0O O
O

The vector of electrical fiel& (volt/meter) is:
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O 5-20
o ©
0

The vector of material engineering str&fmeter/meter) is:

Y .Y, 5-21
o 1)
II“$ 1l I!!Yl’l
" 11 Nn=l1'n
Y IK“Y |’|— 1Yo
LEY i 1lyn
&Y Udyw

The vector of material stress(force/area) is:

S S

g g 11
11 aolL
|$ |’|_|$ M
S 1 & |’|_|$ M
15 n1FEN
us Uus U

The piezoelectriconstah d (C/N) measures either the ratio ofngeated strain to
applied electrical field or the ratio of short circuit density to applied stidss.
piezoelectric material properties depend on their actuation nidaepiezoelectric
constah is used to choose the appropriate material properties dtuatar

applicationsThe piezoelectriconstand is given as

T T T T Q T 5-22
Q Tt T m Q T TT
Q Q Q T T T

Piezoelectric materials, atuators can be divided ito three group in terms of

their actuation modékeda 199%

a) Thickness (axial) actuatordsg-mode)
b) In-plane(Transversal) actuatodyfmode)

c) Shear flexural) actuatorsd;s-mode)

Figure5-5 demonstrates the different piezoelectric actuator displacement modes.
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Figure5-5: Piezoelectric actuator modes

The elastic compliacmatrix f| (m?/N) relates to stress and straine permittivity
or the dielectric constamhatrix [ (F/m or Cm A \félates to electrical displacement.
Those matrixes are given below for the electrical figbded in the thickness«£s)

direction(Tzou and Tseng 19%1

i i i LS | S | 5-23
(0% §]
I i i m 7 T,
1) ]
, o i i m 7 T,
i ,
N T o m T 7
U T m T Iy
um M m mw T i U

*S66=2(S11-S12)
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- omoom 5-24

Another piezoelectric constagtcan also be used as the ratio of generating electrical
charge for a given stress versa vilteis used to choose the appropriate material

properties for sensor applicatiorihe piezoelectriconstangis given as

Q- Q 5-25

5.5 Variational principles of Linear Piezoelectricity and the Finite

Element Formulation

Variationalpr nci pl es are derived f beownttetas:e Hami |

5-26
1 0 Y ® Qo m

whereK is the kinetic energyJ is the total potential energWis the virtualenergy,

1 derotes the variatiort; andt; are starting and finishing time

The variation of total energy leads to the classical form of equation of motion. The
governing equations of motion in variational form can be writte(Ra® and Yap
1995 :

b6 606 Vo6 O 5-27

where M is the mass matrix, C is the damping matrix, K is the mechanical stiffness

matrix and F is the external force matrix.

Classic passive damping systems conkeretic energy to potential energy. Potential
energy has mechanical parameters such as strain and stiffness. Hobaglier,
structural and electrical componentsust beinvolved in the structural analysis of

piezoelectric materialsThis is called electrnechanical coupling, which brings

electrical parameters into the total energy formulation. The potential energy
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formulation must be reviewed and the equation of motion must be determined from
the new energy formul ati on. beTdwetterddr or e,
theoretical derivations of the piezoelectric material governing equations of motion
(Tzou 1993.

5-28
1 L O w Qo m

whereK is the kinetic energy and is the electric enthalpy, including potential and
electrical energy. Kinetic energy and electric enthalpy functions are called
Lagrangian workl. The kinetic energy K for volumé/ of the piezoelectric material

is:

0 g 6760 529

whereo is the velocity field vector ant is the mass density.

It is impartant to notice that the isothermal process, thermomechanical coupling and
pyroelectric effects are neglected. The piezoelectric constitutive equations for the
stresss and the electric displacemebt are derived from the electrical enthalpy
function. Theelectrical enthalpy is used for the potential energy of the piezoelectric
element, which includes mechanical strain and electrical potential endrgibss

regard,H is used as an indicator

0 5-30

P .Yy o0o0nq
G

where, stands for the components of the stress ter@Soris the electrical field
vector; D; is the electric displacementr anduction vector. The total electrical
enthalpy, done by the external mechanical and electrical forces on the domain

boundary m, is :
10 YoORQi ' Wi 531

whete "Y is the surface tractioand’ is the surface charggensityon the domain

boundaryFim 0 is the displacement anféhis the electrical potential.
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Y o, & 5-32
" 0Ot 5-33
wheren; is the normal vector.

The linear piezoelectric enthalpy function is giver{Tagou 1993:

_ P 5-34

( 3 3 A3 BA%E%R%

"all ko)

where @ is the elasticity coefficient matrix measured at a constant electric field,
is the piezoelectriconstant matrix R is the dielectric constant matrix measured at a

constant strain. The virtual work W dohg external mechanical and electrical loads
is given agTzou 1993:

10 106 0Qm® 1600 1060 1 % Q7 %0 535

where 'O ,"0 , and "O are the body, the surface, the point loadtoes,
respectively. Q is the total charge on the surfangsis the external mechanical

loading surface, anaj is the external electrickdading surface.

The governing equations of motion in variational form are given by taking into
account the congtitive equations above and substituting the Lagrangian and virtual
wor k i nto HamPiéfat@®hs princiople

16 6 1YH Y 1°YQ O 100 Y 5-36
10- 0 16 °00Q¢% 1600

1060 0 1 % Q1 %0 T

where the mechanical displaceméntand electric potential fiel#oare unknown

variables in the variational form of governing equations of motion.
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Variational equationss(28 and5-36) with the constitutive relation®{11 and5-12)

are the used for piezoelectric finite element formulations.

0 mo6 ¢ mo LV O o O 5-37
m 1 %o m 1T %o 0 0 %o )

where 0 is the massnatrix, 0 is the mechanicatlampingmatrix, 0 is the

mechanical stiffness6 is the nodal displacement vectoiQ is the external force

vector U is the piezoelectric couplingatrix contairing piezoelectric constants in

either [d] form (strain/electric field) ord] form (stress/electric field)v is the

dielectric permittivity matni, %o is the nodal electric voltage vector O is the

externally applied charge vect¢fzou and Tseng 1991

Natural frequencies and mode shapes can be obtained from the governing equations
of motion, presented in Equatidi37. In eigenvalue analysis (modal analysis),
external loads are considered zero. Thereforeutttmmped homogeneous system

matrixes are given as:
b 6 0 o6 0 o6 m 5-38

(VIR 0 %o T 5-39

5.6 Finite Element Modelling of Passive PiezoelectriShunt

Vibration Damping Systens

FEM can be used to calculate mechanical displacement and electrical potential. The
basic components of the electrical circuit, such as capacitor (C), resistor (R) and
inductor (L), can b linked to the finite element model of piezoelectric matefiak

finite element equations for those electrical components were derived using the nodal
analysis technique by Wang and Ostergaard (1999). The equation of motion of
piezoelectric material igiven in Equation5-37. In the equation, the electrical

dynamic of the system is given as the nodal charge balance matrix, in order to be
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compatible with the system of piezoelectric finite element equafiirs Duffy et
al. 2010:

L w U 5-40
where[K] is the capacitance stiffness matriX{}{is the vector of nodal voltages and

{Q} is the load vector of nodal charges.
In a harmonic analysis, the stiffness matrix for a Capacitor becomes:

5 P PO T 541
P p W n
whereC, is the capacitanc&; andV- are the shunt voltage as degrees of freedom at

the two nodes for each element.
The stiffness matrix for a Resistor becomes:

- p P p W Tt 5-42

whergj is the imaginary unitwis the angular speed aRds the resistance.
The stiffness matrix for an Inductor becomes:

P p p o i 5-43

10 p p W T

wherelL is the inductance.

The tuning inductanck is calculated as a function of natural frequency of the piezo

beam structure:

P 5-44

0 =
60

where C, is the capacitance of the piezoelectric element \anis thei™ angular

frequency of piezoelectrimaterial. The capacitance of a piezoelectric element is:

S 5-45
°n 5

whereA is thearea of the cross section in the thickness &xssthe thickness of the

piezoelectric element and is the permittivity measured at constant strain.
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5.7 A Theoretical Solution of Passive Piezoelectric Shunt Damper

A piezoelectric shunt damper dludes an external electric shunt circuit and a
piezoelectric materia(Hagood and von Flotow 199Hollkamp 199; Lesieutre
1998 Park 2003Park and Baz 20Q0%lan,Neubauer et al. 20).3

In this subchapter, a theoretical approach is presented based on the study of Park
(2003). A resistoinductor circuit and piezoelectric actuator/sensor equations are

used to derive an additional shunt damping matrix.

Actuator egation:

Dd 60 0o Q — 5-46
Sensor equation:

N —w 0w 5-47
wherewis the displacemenht is the massC is thedamping anK is the stiffness of

the piezoelectric/beam system at a constant electric field. The stiffness contains the
mechanical stiffness and the piezoelectric stiffnegss @e open circuit capacitance

of piezoelectric materialg is the electromdwanical coupling matrix and is the

piezoelectric charge matriXsy is the shunt voltage. Dynamic coupling causes the

piezoelectric effect, which creates a current, demonstratéidme5-6.

Piezo

Figure5-6: Feedback current into a piezoelectric material (Park 2003)
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The voltage equation can be given as:
® ®» O 5-48

wherel is the currentZsy is the impedance dhe circuit. The current is the first
derivative of the charge and the equation of the current is:

ar ]
0 kb —i @b 549
Qo
where s is the Laplace @aneter. The shunt voltage becomes:
O —i ® 5-50

Substituting the voltage equation into the actuator equation gives the governing
equation of a shunted systeithe new governing equation is added to the Laplace
domain:
D W o— 591
VI W 0 ———— 1l wLbw Q I

p ® O
To obtain the transfer function of the shunted systemfahowing parameters are

used. The natural frequency of a mechanical system with the piezoelectric open

circuit:
. 5-52
. O U
0 =
0
A nondimensional frequency:
r L 5-53
0
The generalized electromechanical coupling fadgr,
5-54

0
V]

Os

A generalized electrical resonant impedance far $hunted pieaelectric material:
O & 0i 5-55

The damping stiffness ratio with the Laplace parameter is:
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5-56

The new governing equatiacan be rewritten as:

5-57

r G fr 0
P p

Finally, a nordimensional form of the transfer function of the mechanical structure

with shunted piezoelectric material is

p @ 5-58
p Ol ¢TI p UL ®

®
®
The transfer function can be described for a parallel resisoctor shunt circuit.
First, the impedance of theRparallel circuitis expressed in Laplace form as:

0 Yi 5-59
0oiy

whereR is the resistance andis the inductance.
The generalized resonant impedance for a parallel RL shunt is:

o o8 560
T

where d is the nondimensional turning ratio for which the electrical resonant

frequencyw, is tuned in the vicinity ot mechanical resonant frequen¢yagood
and von Flotow 1991Park 2003 :

a — 5-61

0 — 5-62

The damping parameteis:

i Yoo 5-63
Substituting @ into the transfer function produces the final form of the transfer

function with a structural damping for a parallel RL shunted piezoelectric material

and structure:
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LY oror 5-64

5.8 Definition of the Capacitance of Piezoelectric Materials

The piezoelectric material constants are generally measurements under an alternating
field or stresglkeda 1998 . Compressiontersion or bending forces develagress
on the structureThe piezoelectric effect is a change the electrostatic charge

generated across certain materials when mechanically st(€sgee5-7).

Piezoelectric Bimorph
ot £ S b -
= = = = =
@ @ @ a2 &
g $ £ & < &
= - - bl -
& Y
P N
] . d
L
= } oun cCcligy
lj
|
h 4 Electrodes Voltage change
D Ry
= oling.directio
- Bottom Surtace (Grounded) X
= -} -]
g o
w
=

Figure5-7: Electrical harge across the piezoelectmaterial

In Figure5-8, the top and the bottom elemties are shunted by an external capacitor.
F; is the force on the majaurfaces (the top and bottamlhe top and bottom

surfaceareas aré (each surfaceandapplied stress i$; (Fs=T3A).
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Figure5-8: Signs of charges and fields for static test of sample wigtDdunder
tension(Meitzler, Tiersten 1988

Generated chargg)(is a function of the piezoelectric strain consi@)twhen force

is applied:
n Q0 5-65
The output voltages expressed as opaircuit voltage(V):

6 5-66
o)

whereq is the chargendC, is the capacitancealue of tle external capacitorThis

capacitance value equals the capacitance value of the piezoelectric material under

constant pressure. The following equation calculates the capacitance value of the

piezoelectric material:

. - -0 5-67

w h e isthel(permittivity of free space (8.85 x Y0farad/meter), A is the surface
area and t is the thickness of the piezoelectric patch. EqUuatd@can be used to

determinetie v al ue o f 3) foredispleicement and the ele¢trig field in
thickness direction.
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5.9 The Summary of the Chapter

In Chapter 5 the most known types of piezoelectric materials and the theory of
piezoelectricity werexplained The constitutive lationsand the energy conversion

of piezoelectric materials were presented to be employed in the governing equation
of motion. In order to develop the motion equation of the piezoelectric material the

Hamiltonds principle and the FEM were us:

Mechanica displacements and electrical potential were defined as unknown
parameters as they depend on mechanical and electrical boundary conditions. To
calculate these parameters the FEM and a theoretical solution, based on the study of
Park (2003), were introdudefor piezoelectric materials. The parameters of the
shunted circuit were given in a nodal form to enable calculations with the FEM of

piezoelectric material.

Although this study is about vibration and vibration dampingstatis testswere
needed to deterine elastiG electricand piezoelectrigproperties. The method to
calculate the capacitance of the piezoelectric material was mentioned at the end of

this chapter, as this parameter will be used for all applications of the study.
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6. Numerical Modelling of a
Passive Piezoelectric Vibration

Damping System

6.1 Chapter Introduction

In Chapter 6 a numericadtudy is carried out for aantilever beanequipped witha
pair of passive piezoelectric shunt damping systentemonstrate vibration control
capabilities. The obtained results of the numerical model are compared to previous

experimental research carried out by Park (2003).

6.2 Numerical Modelling

I n Parkés (2003) a p p lcantileadarbieamnwitharectarigutap | e a |
crosssection was studied. A paif piezoelectric material (PZT-H) was bonded on

the upper and the lower sides of the beam and RL shunt circuit was connected to the
piezoelectric material, as illustrated kigure 6-1. There was a 1mm gap between
clamped sidef the beam and the piezoelectric matefidle geometrical parameters

of the aluminium beam and piezoelectric material are givaialole6-1.
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Vibration
Generator

s
i

Figure6-1: Canvilever beam passiwetontrolled by a piezoelectric material

Table6-1: Main dimensions othealuminiumbeam and piezoelectric patch

Aluminium PZT-5H

Length m 0.2 4.50E02
Wight m 0.0254 0.0254
Thickness m| 8.00E04 8.00E04

The al

umi ni um

beam

mat eri al

propetties

N/m?, poisson ratio 0.33 and density 2700 ky/rthe natural damping of the

aluminium beam is assumed as 0.02.

The piezoelectric material properties are given below for polinghé thickness

direction.

Stiffness matrixc:

pP® uBt Bp T
XLV P @ B p T
o B8P U p& T
1Tt Tt mT C&®
I ] 11 1
U T T T
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Permittivity - (permittivity of vacuum 8.854xI8 F/m x relative permittivty):

p® ML T ) )
- T PR MU M P T -—
] ] pd T ¢ wa

Piezoelectric coupling coefficieet(electrical field/ stress):

L1 L1 T T PpPXT g
Q T T m pX T T
(07 P ¢@&@ m T T

Piezoelectric coupling coefficiedt(electric field/strain):

T XA
ny
TR n C X,
o "M T vwgo
LITT i T "d

"m xtp m "
WTtp T n UV
The finite element method was used to determine natural frequencies and frequency

response function.

6.2.1 The Modal Analysis

The electrical boundary condition is set for the modal analysip. ahd bottom
electrodes of the piezoelectric patches are shorted (electrical potential is zero volt) to
calculate mode shapes and mode numbers. Therefore, with this boundary condition
only structural stiffness of the overall structure is taken into a¢o@teffen and
Inman 1999. The frequencies and nature of the firsthéigmodes of the beam are

given inFigure6-2.
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6.2.2 Vibration Damping

The beam was excited by a vibration gextor and the piezoelectric materials were

pol arized due to the mechanic responses.
is taken as 2.0EF (Park 2003. R-L electric circuit was used taatrol vibration for

different modesKigure 6-3). The second flexural frequency 126 Hz was chosen as
fundamental frequency. Therefordyet circuit was tuned for the second mode
vibration of the cantilever beam. Structural resgsnaere calculated in harmonic

anal ysis and compared to Parkoés (2003) e:

Shunt resi stance values were takenn fr om

the parallel RL circuit was calculated by using Equatiod5 from Chapter 5.

Figure6-3: The numerical model for a parallellRshunt circuit

6.3 Results and Discussion
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The resistance of the-Rcircuit was increased to improve the vibration reduction of
the parallel RL shunt circuit. Numerical results are presented Rigure 6-4. As
expected, a vibration reduction was achieved when the resistance of the electrical

circuit was increased.

25
=—o—Open circuit (1)
20 == R=8030-0chm-(2)
==e=R=18430 ohm (3)
@ 15 =>=R=48100 ohm (4)
©
9 ==R=98300 ohm (5)
>
E’-
< 10 D,
&
5
/"'0.‘
0 B /A’/’ T T T T T T T 1
0.8 0.85 0.9 0.95 1 1.05 11 1.15 1.2
Non dimensional frequency (fn/f)

Figure6-4:Non-dimensimal frequency vs displacement for differeasistance

The experimental study of Park (2003) was compared to the numerical results of the
FEM of the beam. Ifrigure6-5Par ks results and FEM resu
results ofPar k6s experi ment al study are highl:i

numerical results are given as marked curves.
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Figure6-5: Park's results vs. FEM results
The numerical model results show a high degreo f similarity c¢omg

experimental result§.he error percentage is givenTiable6-2/

Table6-2 The error betweenxperimentaland numericalransfer response

Tuned eletrical circuit resistanq  Error
Open Circuit 6.6%

8030 ohm 8.0%

18430 ohm 2.9%

48100 ohm 5.0%

98300 ohm 4.4%

Subsequently, the results are considered satisfactory even though there is a
frequency shifting in numerical result§his may be due to gsible experimental

uncertainty. Minor changes on the boundary can cause frequency shifting as the size
of the beam is small.

The mathematical model of the shunted piezoelebgam is uniform and

continuous i n Par ko6s st ud godel foocompeyg uent |
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geometries, such as ships, is not entirely applicable. Firstly, a typical ship does not
act rigidly and has a discrete number of memh&fsrus 2010) Secondly, the
properties of a piezoelectric material are anisotropic for a -thireensonal
structure. The material propertiediglectric permittivity, the elastic coefficientan

be givenby specifyingeitherorthotropicor anisotropigoropertiefANSYS 201).

6.4 The Summary of the Chapter

In Chapter 6 the numerical results of the passive piezoelectric shunt circuit were
compared to the experimental study of Park (2003) to validate the ro&igpdf

this study. Parkds approach has shown to
fundamentals of thehsinted piezoelectric vibration amnping system. However, it

seems thathie behaviours of theomplexsystem cannot be explicitignd directly

i dentified in Parkds theory.

Both experimental and numerical studies validate the theory that piezoelectric
material, connected to an electrical circuit, can be successfully used to achieve
vibration reduction. The electric circuit bonded to piezoeleatéterial needs to be

configured to change the vibration level.

The numerical results obtained by FEM show a high degree of similarity in
comparison to the experimental results. FEM has proven to be a functional and
reliable tool for simulatingooth strudural vibration and the passive piezoelectric
shunt vibration damper3herefore, the application of shuntei@znelectricmaterial

on a ship and a ship appendage is calculated by FEM (in Chapter 7).
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7.Application

7.1 Chapter Introduction

Chapter 7 presentsthe simulated performance of a piezoelectric shunt damping
system for a shipLNG v essel) and a shipbés append
purposes, a fulkcaleLiquid Naural Gas (LNG) vessel and a bulb keel of a racing

boat are modelle@igure 7-1 and Figure 7-2).

The fnite element metho(FEM) was chosen as the numerical calculation timol
calculate structural performance of thelamping systemOn-board vibration
measwements, scaled model tests and validated numerical studies were used to set
up the numerical models. In the followisgbchaptei7.2 the main application of the
passive piezoelectric shunt damping system on the LNG carrier is given. The results
of the nurarical study concerning the LNG are presented and discussed at the end of
subchapter 7.2. In subchapter 7.3, a further application of the damping system, this

time located on the keel, is studied.

Figure7-1: Threedimensionamodel of the LNG vessel
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Figure7-2: Threedimensional model ohk sailing boat

7.2 Vibration Damping on a LNG Vessel with Passive Piezoelectric

Shunt Resistancdnductance Circuit

The vibration mitigation with the passive piezoelectric shResistancénductance
(RL) circuit approach is demonstrated in this subchaftee. mainobjectiveis to
systematically estimate thgerformance of thislampingsystem for ship vibration.
Therefore an existing 155,000fLNG carrier was chosen for calculations in this

study The general arrangement of the vessel is showigire7-3.
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Figure7-3: The generaarrangement of the LNG vessel

7.2.1 The Geometry and the Numerical Model of the Vessel

The main dimensions and general properties of the vessel are givailé-1.

Table7-1: LNG vessel properties

Year of construction 2003
Class LNG
WL max length 266.9 m
Max beam on WL 46 m
Displacement 84491 Ton
Max speed 19.84 kn
Draft during trials Aft 9.37m, Fwrd 9.37m
Power 21569 kW
Max Propeller Revolution 81 rpm
Number of propeller blades 4
Pitch Fixed
Steam turbines max power 21569 kw
Low and high pressure turbine 3966 rpm, 5800 rpm

A physical model and a numerical model of the ship were developed. The 3D
modelling softwareRhinoceros 4.0wvas the tool usedo generate hull and plate

members of the vessel. The finite element model was created witlorth@ercial
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ANSYS? software Figure7-4). ANSYS® was also used for numerical modelling and
calculations.

3D numerical

model

oo, Ll

Figure7-4: LNG vessel 3D FEM modelling

The numerical model of the shigiffers from thereal ship as every structural

member (or susystem) is produced dBreedimensional in any real systeffhe
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simplification proess was applied to reduce the number of elements in the numerical

model of the vessel.

1. Girders and stiffeners were modelled as beam elements due to their uniform

cross section of elastic moduldsand moment of inertikin the length axes:
I AT CO&E Q@O E 600 Q¢ Qi i 7-1

2. Plates were modelled as shell elements due to their uniform cross section of

elastic modulug& and moment of inertihabout its thickness:

0 QD E VQEVQO Mo QE Qi i 7-2
Those assumptions argimplifications helped to make modelling and calculation
more time efficient. The entire structure was modelled with different types of
elements from the elemetbrary of ANSYS. It is very important to choose the

correct elements for this particular simulatiém.this study, four types of elements

were used in structural analysis:

SHELL181 elements for modelling hull, deck plating
BEAM188 elements for modellingfiffeners and girders

SOLID5 elements for piezoelectric materials

A

CIRCU94 elements for electric circuits

The SHELL181 was used to analyse a plate structure ranging from thin to thick.
Each element has four nodes and calculation can be carried aix fdegrees of

freedom at each node.

The BEAM188 element has two nodes and was used to analyse the hull girders and
stiffeners. The effect of the rotary inertia and shear deformation are included in this

element.

The SOLID5 element was used in the analysf the piezoelectric effect. Each
element has eight nodes with six degrees of freedom. It also represents an
electromechanical coupling, where the effect of the electrical and mechanical
responses was taken into account. Therefore, piezoelectric nsateeisd modelled

using SOLID5.
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The CIRCU94 element wassal in the analyss of an electrical circuit shunted to
piezoelectric materialThe element has two or three nodes to deétextrical
components (resistor, inductor etc.) as well as two degreeseddm. Detailed
descriptions of elements are given in Appendix D. The structural members of the
mooring deck are shown Figure7-5.

1
ELEMENTS

Beam elements Shell elements

Figure7-5: Structure members of LNG mooringak

The propellewas modelled as masselement having two nodes and was bonded to
the stern tubeThe nodesdd up to the total mass of the propelds tons.The mass
of the rudder has been modelled as two separate concentrated massesTdgewell.

modé consists of

- 7171 key points
- 12252 lines

- 5132 areas

- 69345 nodes
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- 84100 elements

7.2.2 The Major Vibration Source of the Ship

Ship structures can be excited to vibrate mechanically due to onboard reciprocating
engines, machinery and/or hydrodynamically daetheir propeller(s).The LNG
vessel is powered byteam turbines known to geme little alternating force.
However, nost ships are installed with diesel engines which have cylinders where
the internal combustion occurs. During the combustion procegs pnessurized gas
causes pistons of the engine striking against the wall of the cylinder. High gas
pressure forces and inertial forces excite the system to vibrate in the firing rate
harmorncs (Vorus 1988 Arveson and Vendittis 2000 This order is, generally, the

dominant frequency of vibrating structure.

The onboard vibration measurements employed in the staepntify the main
vibration sources of the vessel. Vibration measurements were presented in Zoet et al.
(2012). Figure 7-6 shows the locationswhere measurements were takienthe
engine room anérigure 7-7 presents the measurement resuttgure 7-8 shows the
vibration measurement locations on the steering deck. The measured results are

given inFigure7-9.
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——Location 1, 75 rpm

—Location 2, 73 rpm

———Location 3, 73 rpm
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Figure7-7 Measured spectra shaipethe main engine rooifZoet 2012)
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Figure7-8: Vibration measuremetdcationson the steering deck
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Figure7-9: Measured spectra shape the steering deck (Zoet et £012)

The \bration measurement resulis the main engine roonshowed that steam
turbines play aninsignificant role in the total ship vibration andtructure borne
noise.Therefore, thedominant excitation sourde the vessel is the propeller. The

propeller blades generate a signal at the blade passing frequency and its harmonics.
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Vibration measurement on the steering deck also showed the peak points, which are
the propeller blade passing frequency and its harmonics. The operation condition was
19knot and propellerevolutionwas aroud 75 rpm. A simple formulation was used

to defineharmonic components of the blade passing frequency:

0 % 7-3

wherefg is the blade frequency (Hz), n is the angular speed (rpm), and N is the

number of blades of the propeller

The propeller induced alternating pressure pulse distribution over the hull used in
this model has been derived from simulation results calculated by a computational
fluid dynamic software and published by Zoet et ab1@). The excitation pressures

have been translated into excitation forces. These pressures have been converted
using MATLAB into force (per node) in y and z direction taking into consideration

the mesh of the finite element model of the vessel producetbélyet al. (2012).

The popeller excitation force distribution othe aft part of the LNGis shown n
Figure7-10.

Figure7-10: The popeller excitation force distribution dheaft ship

The applied total pressure for the first three blade passing harmonics plotted in the

FE model is shown iffable7-2 .
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Table7-2: The applied total pressure for the fittstee blade passing harmonics

Frequency Total pressure
1x blade freq (5.2 Hz). (kPa) 3.3138
2x blade freq. (10,4 Hz) (kPa) 1.8093
3x blade freq (15.6 Hz). (kPa) 0.3831

7.2.3 Harmonic Analysis of the LNG

A resistorinductor piezoelectric vibration shuntdesigned to control vibration for a
single mode harmonic. The functionality of piezoelectric materials and electrical
circuit depends on working frequency and magnitude of deflectibtexible
piezoelectric materials are attractive fabration energyharvesting applications
because of their ability to withstaharge amounts of strain. Larger strains provide
more mechanical energy available for conversion into electeoca&rgy(Anton and
Sodano 200 Thus, the choice of the location of piezoelectric material was made
based on the biggest deformation obtained from the bare steel ship structural

dynamics analysis results. The highest deformasi@ttually the highest strain.

The concentration was put on the stern part of the vessel, because this part is near to
the propeller excitation forces. As the ship structure is steel the numerical model was

generated with t he Thetekermentdaa issgiveniiablé/s3. pr op e |

Table7-3:St e e | el ement 6s properties

Density of Steel 7850 kg/ni

Youngds mo|21x10'N/m?

Poi ssonods 0.3

Material damping ratig 0.01

85



A harmonic response analgawas used to determinée response of the structure
over a frequency range from 1 Hz to 40 Hz. This frequency range is covering up to

6™ harmonic of the blade passing frequency.

The finite element models of vessel wecalculated for different boundary
conditions. Main aim was to compare different boundary conditions to choose the
most accurate numerical model of the vessel which represents the full scale.
Therefore, the numerical model was constrained all degreeseafdm at frame 21

and 25 Figure7-11).

Frame 25

-------------- Frall]e 2 1

Figure7-11: Different boundaries of the FEM of the vessel
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Figure 7-12 and Figure 7-13 show the frequency response curves are roughly the
same for the location 3 and 4 on the mooring deck. Furthermore, peak points are
coincidal with the propeller blade frequencies which are dominating the structural
vibration. It can be also observe frohetFigures thathat the response below 20 Hz
becomes more sensitive to the definition of boundary comditiorhe model

constrained at frame 25 was chosen for further investigations.

3. Mooring Deck for Different Boundary

w .y

e 18 - .

é 16 - | \ : 'Con It,lon,s— Model Constrained at Frame 25
— | \ | | |

— 14 - | | | | |
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Figure7-12: Frequencyesponse graphs at 3th location

4. Mooring Deck for Different Boundary
~~71 Conditions
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Figure7-13: Frequency response graphs at 4th location
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In the postpr oces s es, t he dynamic behaalso our
examined to find the highest deformation the structureThe deformed shapis
given inFigure7-14.

Figure7-14 Deformedstructure of LNGmooring declat 14.615 Hz (%' mode)
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As it can clearly beeen inFigure7-14, the high deformation was in the aft centre of
the mooring deck. There was also some deformation in the central area. According to
this calculation it was decided where to locate the piezoelectric patch(es).

7.2.4 Damping with Single Mode Resistor -Inductor Shunt ed Electrical

Circuits

Piezoelectric materials have size and flexibility limitations. The size limitation
problem can be solved by connecting and/or laminating the materials to each other.
The flexibility problem was overcome with the piezoelectlacro Fiber Composite

(MFC) (Sodancetal. 2004) Thi s material 6s properties
applications. PZI5A material used in the MFC hascoupling coefficient Ks3) of

about 0.69.The MFC6 s ¢ o oopfliciemt galue is one of the highest of all

piezoelectric materials (see Appendix G).

Distributed piezoelectric materials can be either embedded or surface bonded with an
elastic base structuf@zou 1993. The piezoelectric patch is bonded on the mooring
deck structure. The thiclkess of the piezoelectric patch is given as 0.3mm, 30mm
and 90mm. The areas (length x width) of piezoelectric patches were chosen as:

1. Piezoelectric patch 1 which is 2.145x0.85m
2. Piezoelectric patch 1+2 which is 4.290x0.85m
3. Piezoelectric patch 1+2+3+4 igh is 4.290x1.7rh

Each piezoelectric patch is bonded to another. Thus, they are acting as only one solid

part. The areas are shownHigure7-15.

The dynamics performance of the structure of the mooring deck was calcilaged
numerical model contains a number of elements due to the complexity of the entire
structure. This causes a big size output data, which makes the analysis very time
consuming. Therefore, some of the points on the structure, called nodes, were
highlighted toevaluate the results Figure7-15, the numbers represent the location

of these nodes. The distances between the nodes are 2.90m longitudinal and 2.27m

horizontal.
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Figure7-15: The locatiornof piezoelectric patches and result readings

A parallel resistoinductor (RL) electrical circuit was connected to the piezoelectric
structure bonded on the ship dedkiglre 7-16). Both electricaland geometrical

parameters were changed to maximize the dissipated vibration energy.
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Figure7-16: The RL circuit shunted on the FEM model

The shunt circuit was tuned fdf" blade passing frequencgQ H2). This frequency

is a critic frequency as it i's in the
However the equation-8#4 was modifiedby the Authorfor effective vibration
reduction at this frequencyequation 544 was successfully applied for thienple

beam structure but no effective damping was achieved for the LNG application.

Therefore a new tuning inductancevas calculatedccording to

P 7-4
O U p T
This may le a particular case for the LNG carrier aft deck structure. It might be

related to complexity of the shgtructure

7.2.5 Modelling of Passive Piezoelectric Shunt Damping on a LNG vessel

and Results

A series of harmonic analysis was carried out to calctifeggesponse of the stern

part of the vessekhena passive piezoelectric shunt damping system was added to
the mooring deck surface. The results were examined at the different locations to
obtain a graph ofesponse quantity (displacements) versus freguéeak points of
responsesvere identified from gaphs.The complete results are given in Appendix

H. The structural responses are also included and are presented in a frequency range

from 1 to 40 Hz (see Appendix H).

The quantity of vibration reductiois given as attenuation (in decibelsjing the

following definition:

0 _
6 cmeo— 75
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The outputdata for chosen nodes and the thickness of the piezoeletterialis
30mm. Theesultsare given inTable7-4, Table7-5, Table7-6 andTable7-7.

Table7-4: The effect of different resistance attenuation vibration at No2a

Frequency | R=10,000,000 R=1,000,000
(H2) W W
19.038 -1.77 -1.66
20.5 -1.76 -1.73
23.425 -0.08 -0.11
26.838 -2.22 -2.20

Table7-5: The effect of different resistance attenuation vibration at Nog@

Frequency | R=10,000,00¢ R=1,000,000
(Hz) wW w
19.038 -3.21 -3.09
20.5 -0.38 -0.38
23.913 -0.01 -0.02
26.838 -2.22 -2.20

Table7-6: The effect of different resistance attenuation vibration at No@8é

Frequency | R=10,000,000 R=1,000,000
(Hz) w w
19.038 -2.7 -2.5
23.913 -0.2 -0.2
26.838 -1.9 -1.9

Table7-7: The effect of different resistanca attenuation vibration at Nogdg
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Frequency | R=10,000,000 R=1,000,000
(Hz) w w
19.038 -1.7 -16
26.838 -0.5 -0.5

It is apparent that reduction occours when passive piezoelectric shunt damping is

applied. The shunted resistant is also effective for mitigation. The peak

displacements were reduced around 2 dB for the chosen nodes.

Further simulabns were run to investigate the improvement of vibration damping.

The results are given for the specific nodes:

1. Attenuation versusthickness of the piezoelectric structurBigure 7-17,
Figure7-19, Figure7-21 andFigure7-23)
2. Attenuationversusthe number of piezoelectric patchésgure 7-18, Figure

7-20, Figure7-22 andFigure7-24)

Node 23
n 00
= Frequency
-2.00 5

S (H2)
g -4.00 ~=19.04 Hz
2 8,00 ~ 23.43
> —
§ -10.00 26.84
< 0 30 60 90

Thickness (mm)

Figure7-17. Attenuationvs. Thicknes®f the piezoelectriqpatchat Node 23
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Node 23

%‘ 10.00
~ Frequency
5 >-00 (Hz)
TS 0.00 ' ————————————————  ..10.038
2 P~
> -5.00 ~= 205
o S~
= -10.00 — —-23.425
>S5
& -15.00 26.838
< 1 2 3 4

Number of Piezoelectric Patch

Figure7-18: Attenuationvs. the Numbeof the piezoelectric patabf the structure at
Node 23

The vibration level is slightly increasing at Node 23, when the number of
piezoelectric material is increasing. The resason is that the natural frequency is
shifting in the 2023 Hz frequency rangesée Appendix H, Figure 2). At this
frequency range the given results were not read from the peak points. To be

comparable the results are, nevertheless, presented.

Node 29

§ 000 ——— ———~_G‘Yareaiii t
E -2.00 ———— Frequency
S -4.00 . (H2)
g -6.00 ~ —— = 19.038
S -8.00 20.5
§ -10.00 23013
g 1200 26.838
£ -14.00 - 26.
E 0 30 60 90

Thickness (mm)

Figure7-19: Attenuationvs. Thicknes®f the piezoelectripatchat Node 2
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Node 29

%‘ 5.00
= e Frequency
5 0.00 (Hz)
© -5.00 — — ~=-19.038
S ~
> -10.00 20.5
o
2 .15.00 _ —=-23.425
> — — —n .
E 120.00 26.838
< 1 2 3 4

Number of Piezoelectric Patch

Figure7-20: Attenuationvs. the Number of the piezoelectric patdtihe structure at
Node 29

Increasing the number of piezoelectric patchs does not seem to subcessfu
mitigating vibration at Node 29. This might be due to the fact that the piezoelectric

effect is less efficient as the mooring deck structure has members which increase the

stiffness in this area.

Node 37

= 0.00
= —
S -2.00 Tm Frequency
= -4.00 (H2)
S -6.00 - ~  —=19.038
S -8.00 : 23.913
T -10.00 - - 26.838
g -12.00
< 0 30 60 90

Thickness (mm)
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Figure7-21. Attenuationvs. Thicknes®f the piezoelectripatch at Node 37

Node 37

& 5.00
% 000 " fequenc
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_5 ) ! ~~— —x—
2 1500 19.038
& -20.00 - 23913
T _25.00 ———— + 26.838
& -30.00
< 1 2 3 4

Number of Piezoelectric Patch

Figure7-22: Attenuationvs. the Number of the piezoelectric patdtihe structure at
Node 37

The highest mitigation was observed Hode 37, the point attached to the
piezoelectric patch. The vibration was damped around 25dB (theadmonic of

blade passing frequency).

Node 38

o 000 ———
= ,
c -2.00 .
2 Frequency
8 -4.00 (Hz)
> -6.00 ~=-19.038
o
S 800 -+ 26838
>
& -10.00
< 0 20 40 60 80

Thickness (mm)

Figure7-23 Attenuationvs. Thicknes®f the piezoelectripatth at Node 38

96



Node 38
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S -4.00 — I — Frequency
8 6,00 N (H2)
o
S -8.00 = 19.038
S -10.00 ——— . 26.838
S -12.00
G -14.00
g 1 2 3 4

Number of Piezoelectric Patch

Figure7-24. Attenuationvs. the Number of the piezoelectric patdtihe structure at
Node 38

Attenuation at Node 38 is similar to Node 23. However, the structure is not giving a

peak poinin the frequency range RR3Hz.

7.2.6 Rearrangement of Piezoelectric Patches and Results

A new piezoelectric material localization involving four separate patches was also
investigated. The four patches have a 2.86m longitudinal and 0.85 m horizontal gap
between each other, shown kigure 7-25. The results of the rearrangement were

compared with previous results (see Tablé Table 7 11).
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Figure7-25: The newlocalizationof the fou piezoelectric patches

Table7-8: Attenuation (dB) at Node 23 for the combined piezoelectric patches vs.

the separated piezoelectric patches

t=30mm 4
t=30mm 4 PZT
Frequency (Hz) separated PZT
Patch
Patch
19.038 -14.98 -15.43
26.838 -2.97 -6.94

Table7-9: Attenuation (dB) at Node 29 for the combined piezoelectric patches vs.

the separated piezoelectric patches
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t=30mm 4

t=30mm 4 PZT
Frequency separate®PZT
Patch
Patch
19.038 -17.44 -15.15
26.838 -7.75 -18.71

Table7-10: Attenuation (dB) at Node 37 for the combined piezoelectric patches vs.

the separated piezoelectric patches

t=30mm 4
t=30mm 4 PZT
Frequency separated PZT
Patch
Patch
19.038 -25.5 -22.9
26.838 -6.3 -14.2

Table7-11: Attenuation (dB) at Node 38 for the combined piezoelectric patches vs.

the separated piezoelectric patches

t=30mm 4
t=30mm 4 PZT
Frequency separated PZT
Patch
Patch
19.038 -13.2 9.7
26.838 -4.1 -17.6
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The density of piezoelectric patches per deck area is important. The results provide a
clear picture how the localization of the patches can affect vibration mitigation. The

combired piezoelectric patches are more effective at 19.038 Hz as the mode shape is




developing longitudinallyThe separated patches are more effective at 26.838 Hz as
the mode shape is developing in the lateral direction, where two out of four patches
were locéed.

7.2.7 Discussion

Vibration reduction was detected when different electrical boundaries and sizes of
piezoelectric materials were appliechelthickness of the piezoelectric material was
kept reasonably small compared to the thickness of the deck stxutharefore, the

key parameters were electrical values of both the piezoelectric patch and the
electrical circuit. This altered the dynamics behaviour of the strudhbeenumerical
results showed significant vibration attenuation in the frequency rasfge

approximately 1826 Hz.

The new damping system had, nevertheless, a negative effect in the very low
frequency range. The amplitude of the vibration was increased around the 8Hz
resonance frequency. This finding was expected as the system was tuaaihfye

mode which was around"harmonics of the ship structure. Therefore, the damping
system was fail for mukinode frequency damping. This was expected from the
study of(Hagood and von Flotow 1991

A successful piezoelectric effect can be detected where higher responses are
developing. Piezoelectric materials show good efficiency of converting mechanic
energy into electric energy when the material experiences high dtigiune 7-26

shows electrical potential energy of different piezoelectric patch sizes and

combinations
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The electrical potential on top electrod of the piezoelectric patch 130 Hz
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70 : = t=30mm 1 PZT Patch
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Figure7-26: The electrical potentigin volt) onthetop electrodef the piezoelectric

patch

High amplitude of structural responses is giving high amplitude of electrical energy
as can seen iRigure7-26. This energy is stored the material as electrical potential
if no circuit is shunted (Miret al. 2010) This is why piezoelectric materials act like

capacitors.
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7.3 Vibration Damping on a Keel Structure with Passive

Piezoelectric Shunt RL Circuit

The passive piezoelectric shut@mping system is used to reduce dynamic responses
of the flowinduced vibration on a yacht keel. Two numerical approaches were used:
computational fluid dynamics (CFD) to calculate the excitation forces and finite
element analysis (FEM) to find structu@nd electrical responseA. fast Fourier
transform (FFT) analysis was carried out to find vortex shedding frequency (as a
dominant frequency) over the keBletailed CFD results were published in Mylonas

et al. (2013).

7.3.1 Flow-Induced Vibration of Keel

AnAmericads Cup Keel devel oped by Werner
IACC rules was studied for experimental and numerical calculations, in which a
scaled model of the keel bulb was ugéterner et al. 2006; Afner et al. 2007)The

same scalednodel was investigated in this study for the purpose of structural

calculations.

Different keel bulb configurations, for example with winglets in different locations
on the bulb and without winglets, were used\erner et al(2007) . I n this st
apgication no winglet configuration of the keel was chosen and the main dimensions

of the keel are shown fRigure7-27.
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1357

Figure7-27. Main dimensions (mm) of the keel bulb

A

Thesal ng boatds structure was not wused fo
purposes. The output data were collected from the location points called middle node

and tip node as can be seerfrigure7-28.

Piezoelectric patch

--__——<—T1p node

Figure7-28¢. A sailing boatés structure a
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The commercial CFD package STAFCM+ was used to calculate the pressure and
velocity distribution on the structurd=igure 7-29). The study ofMylonas et al.
(2013), in which they presented the forces acting on the keel model, showed a good
accuracy between their own CFD results and the experimental results of Werner et
al. (2006).

Velocity: Magnitude (m/s)
24,817 27.409 30.002 32.595 35.187 37.780
|

Figure7-29: Stream lines around the keel bulb

Pressure fluctuations on the surface occur as vortices are shed from the body and
they can excite the structure to vibrate and generate acoustic @iauths 1990).

The frequency of excitation forces is equal to the vortex shedding frequency, which

depends on the shape and size of the body, the velocity of the flow, the surface
roughness and the turbulence of the flow. The relation between vortex shedding

frequency(fs) and flow speedy) is identified by the Strouhal numbesiy,
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e 7-6
YO ~—Y

wherec is a characteristic length.

A spectral aalysis was performed on the results to find the vesteedding
frequency.The quantitypressure on the keel surfagsed for thecalculation of the
sound pressure leve defined by

i‘)r‘]cr‘t'l'c%— [

where prt is a reference pssure of 20 pPaFigure 7-30 shows Sound Pressure
Level.
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Figure7-30: Sound Pressure Level vs. Frequency

The frequency of pressure fluctuations was found in the rangeidO33dz. The
corresponding Strouhal Number was in the range ofi0.28 Figure 7-31). This
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result is reasonable compared to previous studies (Taylat. 2003; Krylov and
Porteous 2010).
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Figure7-31: Sound Pressure Level vs. Strouhal Number

7.3.2 Flow-Induced Vibration Damping with the Passive Piezoelectric
Shunt Circuit

PZT-5H plate elements are bonded on the port side and starboard side surfaces of the
fin of the keel. he thickness h is 1mm; the top and the bottom surface dimensions
are 20x10mrh In Figure7-32, the piezoelectric plate elements are poled in thickness
direction g or X33 axis).
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Figure7-32 Physical model of the keel bulb bonded by the piezoelectric patches

A finite element model of the keel structure attached with piezoelectric material was
createdfor vibration control using shuntgulezoelectric circuits. The finite element

model is shown inFigure7-33, illustrating the connection of the electrical circuits at

the top and the bottom surfaces.

Figure7-33: The FEM of the structure shunted withLparalkel electrical circuit
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7.3.3 Modal Analysis of the Keel and Results

A modal analysis was carried out to estimate the natural frequencies of the keel with
and without piezoelectric patches. Short circuit electrical boundary conditions were
applied to piezoeleatr bonded structure. In other words, top and bottom surfaces of

the piezoelectric materials were grounded (V=0 Volt) not to have any piezoelectric
effect. A comparison of natural frequencies with and without piezoelectric patches is

given inTable7-12.

Table7-12: Natural frequencies of the keel with and without piezoelectric material

Mode No Frequency without Frequency with
piezoelectric (Hz) piezoelectric (Hz)
! 1.3 15
2 2.4 2.7
3 9.3 9.4
4 16.9 16.7
S 36.5 35.7
: 74.0 79.9
! 80.2 82.1

As can be seen iRigure 7-34 the mode shapes provide a preliminary idea about the

ideal application location of the piezoelectric materials.
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ANy

Mode3 Mode4

Mode 5 Mode6

Mode7

Figure7-34: Mode Shapes of the keel bulb
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7.3.4 Harmonic Analysis of the Keel and Results

A CFD analysis was carried out to find the excitation forces and the predominant
frequency caused by vortex shedding around the Kbelvotex shedding produced
alternating pressure pulse on the keel surfdde computational fluid dynamic
method (Mylonas et al. 2013) used in this simulation calculated the pressure
distribution shownFigure7-35. The pressure distrutionwasexported into th&EM

of thekeel Figure7-36).

Total Pressure (Pa) Total Pressure (Pa)
459.9 -1003.4 -546.83 90.313 366.21 82273 14599 -1003.4 -546.83 90313 36621 §22.73
R = W

G

] \

Total Pressure (Pa)
Total Pressure (Pa)
14599 10034 546,83 90313 36621 8227, 14598 210034 T 2021 sl g

Figure7-35: Pressure distribution on the keel surfacthe CFD
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Figure7-36: The exported pressudsstribution on the keel surface the FEM

For the selection of the correct piezoelectric material typedrucial to know the

mode shape of the structure. There is a strong relation between the mode shape and
the coresponding piezoelectric constaljt If the dominant forces are imposed in the
thickness direction the piezoelectric patch will operate with thicksiestch mode

(ds3). Flow pressure generates load in the thickness direction, however, ibakssc
berding motions on the structure. Consequently, piezoelectric material operates with
thicknessshear modeéseeFigure7-37). In this mode shape the parametegrmays

a significant role and must be considered.
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Figure7-37: The deformation (mm) on the keel bulb due to the pressure on the

surface

Harmonic analysigvasperformedo investigate:

1. The electrical responsestbie piezoelectriqpatches
2. The vibration mitigation performae of the passive piezoelectric shunt

damping system

It is expected tdind higherelectricaloutput atthe natural frequency of the structure.

As motion is timeharmonic, outpuvoltageis read fronthe real part of impedance.

The electricabutputresut is given inFigure 7-38. Although dominant frequenaoyf
vortex shedding is around 35 Hhe piezoelectricmaterias develop higher voltage
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in the 80100Hz range. Therefore, this frequency range was chosen for the

evaluation othe passive piezoelectric shunt damping.
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Figure7-38: Output voltage versus frequency

There is a voltage difference between the two piezoelectric paftheskeel was
tested with a three degree inclimmatiangle towards the flow direction. That caused
asymmetric flow around the structure and pressure distributions are, as a result,

different on the each side of the keel.

The results for the vibration mitigation are presented for the tip noBryume 7-39
and the middle node iRigure 7-40. The resistor of the circuits was given different

values.
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Figure7-39: The effect of different resistance (ohm)la tip node of the structure
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Figure7-40: The effect of different resistance (ohm) at the middle node of the

structure
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The passive parallel resonant shunting damper was applied numerically to reduce the
seventh mode vibration amplitude of the bulb keel. Vibration reduction of the keel
structure was observed when the shunting resistance was increlasqueakpoint

of responsée@me almosta flat plateauvhen 100,000 ohm shunt resistance value

was appliedthus virtually achieving theptimum

7.4 The Summary of the Chapter

The present study proposes a new vibration damping concept for the marine and
sailing industry. The theory of shunted piezoelectric material was used for the study
of vibration mitigationon a LNG ship. The study was extended to additionally
investigate an underwater ship structure. For that purpose, the bulb keel of a racing
boat was selected. CFD was used to identify the dominant excitation frequency and
pressure distribution on the sheflthe LNG vessel and the keel structurbe Finite
element method was chosen to calculate the response of the structure. As a result,
CFD output became the input for FEM.

It was observed that the output voltage is dependent on the mechanical resonance
frequency of the vibrating structure. It is also important to notice that, in both of the
applications presented in this study, the electrical resonance frequency of the
shunting circuit had to be tuned to the mechanical resonance frequency. Therefore, a
passive piezoelectric shunt damping system is more efficient around these

frequencies and the dissipated energy can be maximized.
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8.Discussionand

Recommendations

8.1 Chapter Introduction

Chapter8 presents, firstly, an overalecapof the research conducted this study
Secondly, thenain contributionsof this thesis are evaluated. Thieortcomings and
limitationsare presented in the next subchapter follonembmmendationfor future

works are givenin subchapter &.

8.2 Recap of the Thesis and Achievements

A literature review was carried out to develop knowledge about smart materials and
their applications to mitigate vibratioMain findings of past research on noise and
vibration techniques were reviewed in Chapter 3.

The SMs vibration damping systermvolving a piezoelectric shunt circuit, was
presented. The numerical modelling tool FEM for simulation, used in this study, was
al so introduced and the theory of numer.

given in Chapter 4 and 5.

Chapter 6 presented numerical study of SM applicatiororf beam vibration
attenuation.The numerical results were evaluated and compared to experimental

resultsfor the purpose of validation.

In Chapter 7 a ship structure vibration was numerically simulated. A SM damping

sydem was applied to reduce the vibration leviélis damping system application
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was also implemented for gacht keel vibration simulation. The results were
assessed arghowed that attenuations of vibration amplitudes were clearly achieved
in both applicabns . A database of numerical results was compiled from the
numerical studigscontainingcurves ofstructural response frequenciesth and

without SM damping system

Thereforethe following objectives of the thesis weeehieved through numerical

studesconducted for the first time fdroth ship and ship appendage:

1 Review of Noise of vibration damping techniques including smart materials
and their potential as noise and vibration damping.

71 Investigation of working principals of Smart materials and fefitsi of smart
materials for mitigating the ship noise and vibration

1 Development of most suitable mathematical and numerical modelling for
Smart materials and their implementation on mitigating the vibration onboard
ships.
Validation of the developed apgach for modelling the smart materials

1 Application of smart materials on ships through a parametric study to
investigate the effectiveness of the smart materials to reduce the vibration on

board ships

8.3 Main Contributions of the Thesis

There have been aumber of previous studies on vibration reduction employing
passive piezoelectric material shunted with electric circuits, as seen aritibal
review and theory part of this study. Howevérere is no specific application,
known to the author, regardjrship and ship appendage vibration. Thisvel study
has attempted to fill thiggap by developing the theory, numerical model and

application to the ship for the first time.

The results, presented in ttstudy have providedn insight for future reseah of

SMs applicationto reduce structural vibrationof ship and ship appendage

117



Piezoelectric material, in particular, can be used ascomponat of a passive
damping device, thereby avoidiragtive controlling, which hageedback systems
and amplifiersa drive the piezoelectric actuators.

The Finite Element Method is proposed in this study to create and analyse structural
responses of flow induced ship vibration. This study is the first to perform and
developa simulated passive piezoelectric shunt dagsystem using harmonic
analysis in order to achiewaptimal vibration reductionMoreover definition of the
tuning inductancet the critical frequency as modified for the LNG vessel and a

new formulation was provided.

The doice d the correct calculdon tool as well as the competent usage and
thorough knowledge ofhe chosen software have proven to be essential for this
study. The commercial ANSYSsoftware was used to calculate the finite element
model.

This study also generatéelasibility into the effectiveness of piezoeleciticapplied
on shis as way of attenuating vibratiofEffect of thelocation andherequiredarea

of thesmart materils wereinvestigated and presented

8.4 Short Comings of Piezoelectric Shunt Damping

The potential of piezelectric shunt damping has been evaluated through running
simulation with Finite Element Models. Investigation has been carried ouhdor
frequency rang®i 40 Hz which is refers to lower frequency rarigea reasonable

time. The calculations could be rmucted in a couple of hou(svith Intel Xeon

Quad ProcessdB.20 GHz, 24.0 GB RAM)However, the calculation time in the

middle frequency range and above was extremely long. It could take more than one

day to finish a calculation. In addition, the outfilé became too large to be stored

and further processed. Therefore FEM car
i mpractical o (Lyon and DeJdJong 1995).
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Statistical Energy Analysis (SEAYould have beemsed forthe higher frequency
vibration ©r noise)simulation. With SEA both the physical and the numerical model
of a structure are simpler compared to finite element models. Additionally the
calculation time is shorter than for FEMowever he biggest challenges using SEA
are estimating the key parametethe TransmissiorLoss Coefficient(TL) and the
Coupling Loss Factor (CLF)nlAppendixA, TL and CLFaredescribed in depth

In order to reduce vibration with piezoelectric material, a shunt circuit is needed to
be bonded to piezoelectric material. Tdéfere, a good working knowledge of
piezoelectricity, electromechanical coupling and shunt damping was absolutely
necessary. This proved to be challenging at times foAthbor having no previous

background in these specific areas of science.

The resultsof the study show that efficient damping occurs, when the electrical
resonant frequency matches the mechanical frequency. Piezoelectric material creates
electrical energy, which is dissipated through Joule heating by a resistive shunt. This
process occursvhen the electrical natural frequency is tuned by a shunt inductor
Optimum dampingdepenéhg on the frequency of vibratigrcan be challenging to
reach(as the Aithor experienced The correct estimation of inductor and resistor

values will improve thelamping.

In the ship application the electric circuit was tuned fBtharmonicblade passing
frequency which mansthe damping system was set up for a single mate.
numerical results of the ship vibration simulation showed significant vibration
attenuation in the vicinity of that specifi,esonancdrequency The new damping
system was not successful fimducing the response amplitude at the frequencies

other than the®harmonic frequency.

In this study one type of ship (LNG carrier) was used tfa ship application
however each ship has different fundamental natural frequencies and complete
vibration characteristics. Passive piezoelectric shunt damper may be more or less
effective given the range of operations conditions, different type of smps
different type of excitation characteristics.
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In the bulb keel applicationhé parallel resonant shunting damgserccessfully

reduced the seventh mode vibration amplitude of the strudiurthe simulation

almost optimum daping conditions were awved, whenhe pealpoint of response

beamenearlya flat plateaithe corresponding shunting resistor was 10,000 ohm)

8.5 Recommendations for Future Work

Many topics, including SMs as well as prediction and prevention of noise and

vibration, were only befly introduced in this thesis and could not be investigated in

depth. Further recommendations are:

M

Investigation of SMs usage for noise reductsomd mitigationin the middle

and higher frequency range.

A comparison between classic vibration dampingteays and passive
piezoelectric shunt damping systems is needed to determine cost efficiency.
A shunt damping system maerform differently depending on the type of
vessel. Therefore, this system should be tested for various types of vessels
including cortainer carriers, cruise ships, small crafts etc.

Experimenal studies for ship applications are needed to create a database,
which can help the researchers to develop and improve simulation tools and
SMs damping systems.

In the current study a single modamping system was employed. Vibration
mitigation results can be expected for the vicinity of one resonance
frequency. The system can be improvedMti Modes DampingThis new
damping system can be functional for a wide frequency range.

A parallel RL shunt circuit was used in the passive piezoelectric shunt
damping system in this study. This system can be modified for a sekial R
shunt circuit configuration.

The capacitance value of the piezoelectric material is proportional to the area
of the materl, inverse of the thickness and dielectric value (when poled in

the thickness direction). In case of size limitations of the piezoelectric
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material the passive piezoelectric shunt damping system requires a large size
inductor to reach the lofrequency etctrical resonance. It is important to
ensure thatnductorsfor experimental or real application are commercially
available. Otherwise a custom made inductor may be reqoiradsynthetic
inductormay be applied as it provides various inductandee $iunt circuit

1 Seaway loadingcausesfatigue and crack propagation from potentially
hazardous embedded weld defecBMs can possibly be employed to
overcome the problem.

1 Different operating conditions, oscillag stresses and a burst of pressure
may cau® failure and alsoaffect durability of the piezoelectric shunt
damping systemA studyof durability in different service environmentsgay
be necessary to identify limits and quantitative life of the damping system.

1 Energy harvestingy piezoelectric matels can be considered as a possible
power supply for shipsiigging of sailing boat and vessels operated in the
deep water. The generated energy (voltage) can be stored oamgade
Two supportive studies of the energy harvesting concept were peblish
during the processf this study(Turkmenet al. 2012 Turkmenet al. 2013.

8.6 The summary of the Chapter

Following the reviewof the conductedresearchat the beginning of this chapter, the
key objectives of this study were-examined and presentdtl was found, that the
objectives 15 were successfully met. The main contributions summed up the
novelties ad benefits of the research, but also listed challenges that were met during
the research. Recommendations for future research were presented. Objecis/e
therefore found to be satisfied in subchapté: Fhis study did not only provide
valuable infomation regarding the successful numerical prediction as well as the
mitigation of ship vibration by means of smart material, but further offered

innovative ideas and concepts needed for future research employing smart materials.
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O.Conclusions

The work preented in this thesis has focused on the application of SMs for reduction
of ship vibration. Damping treatments help to mitigate vibration and noise levels in
order to comply with national and international regulations. Therefore, to predict and
prevent nase and vibration, both conventional and unconventiomethodshave

been reviewed from open literature.

There has been a considerable amount of generic research regarding the reduction of
noise and vibration by using piezoelectric materials in either eactiv passive
systemsEven though active damping systems are widely usisdviery rare to find
passive piezoelectric shunt damping systems for complex structure applications.
There are a number of studies about passive piezoelectric shunt damping systems
reduce noise and vibration. However, there has been no study specifically about

passive piezoelectric shunt damping systems for ships.

As the electrical properties of piezoelectric materials are strongly coupled with
mechanical properties they are ma@fficient where the strain is bigger. Ships have
many structural members. Some members are very stiff such as main and auxiliary
engine foundations where structural responses are relatively small. On the other
hand, some part of ships has more flexitieidure such as decks and cabins.
Therefore, it is expected that a passive piezoelectric shunt damping system can be

more effective when laminated on a deck structure.

There are two main approaches to modelling the effect of piezoelectric material for
investigation of this damping performance: statistical energy analysis (SEA) and
finite element method (FEM). In the SEA approach, the input and output data are
averaged variables. In FEM, input and output data are local variables. When the
frequency is higar, FEM requires longer iteration time than SEA. The size of the
output will be also bigger than SEA. SEA can be a strong tool for noise and vibration
analysis. However, SEA works best inaled high frequency rangédm 500 Hz

on). Additionally, It is difficult to estimate coupling loss factors and transmission

loss factors for structures on which piezoelectric materials are apphedefore,
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this study concentrates on the investigation of ship vibration in a low frequency

rangethrough FEM

The finte element analysis was performed for paspiezoelectrigparallelresistive
inductive (R-L) circuit damping to calculate beam vibration reductioifhe
increasingshuntingresistor values in shunt circuinproved the dampingA good
agreementwas found between the presented numericasults and previous
experimental testesults of Park (2003Yhe average error percentage obtained 5.4%
between experiment and the numerical model. ®b&ome of the comparison
encouraged the Author to apply the same hoetto numerically investigate
reduction of ship vibration. Therefore, americal stugt was performed to develop
and demonstrate a piezoelectric vibration dampaofpnique on &NG vessel. The
geometrical and electrical parameters weystematicallychanged toestimate the
performance of thidampingsystem. Further investigation was carried out for a bulb
keel, which was vibrated by vortémduced flow. CFD was used as a tool to
calculate the pressure fluctuation on the keel structure. Fast FouriesfoFnan
analysis was carried out to transform time histories of the pressure to the function of

frequency, which became the input for FEM simulation of keel structure vibration.

Vibration reduction was up to 25 dB has been calculated through these models.
However this has only been achieved at certain frequencies, depending on size of the

material, location and how the electrical circuit was tuned.

Some similarity was found between the way piezoelectric damps vibration and
viscoelastic materials damps vibaat. In this study, however, it has been established
that a passive piezoelectric shunt damper can be optimised for a specific frequencies

whereas viscoelastic material damps over a broadband frequency range.
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Appendix A

Statistical Energy Analysis

A.1 Introduction to Statistical Energy Analysis

Statistical energy analysis (SEA) was devetbjpy Lyon, Smith and Maidinikn
1959to predict thestructure responses (inean square velocitieef thin spacecraft
and aircraft which were excited by sourcasich as jet noisdurbulent boundary

layer, etc.

The complex systems have a number of modes. That causes an increase of the
degrees of freedomwhich makes calculatiomusing numerical dols (FEM) at
middle-frequency and higifrequencyrange difficult SEA is a successful tool to
predct vibration and sound pressure aomplex structures, such apace vehicles,
airplanes, buildings, large machines and ships. 8Bfloys linearenergy balance
equations to callate loss factors, coupling loss factoesergyflows and sound

power. One main advantage of SEA is that it usually leads to a substantial reduction
of the number of degrees of freeddiiihe price to pay is that results are only given

in terms of averag and variance over frequency and spg8arroughs, Fischer et

al. 1997 . Time-average powers are used as inpatber thanexternal forces or

displacement§eane and Price 1997

A.2 Methodology of Statistical Energy Analysis
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Lyon et al. (1959found thatf there is an energyiffierence between the subsystems
powerwill flow from higher to lower modal energyh& power flow is proportional
to the difference inthe actual kinetic energy, potential energy total energy
(Richard H. Lyon 1996 Thefunctionbelow presentthe power balance equation of

two coupled substems:

O © -
-0 0— — — — Al
€ €
whereE; and E; aretime-averaged energy is theharmonic vibration frequengy

Pin1 is the external power input); is the subsystem loss factor; is the modal

densty (the number of natural frequencies in a frequency hands the measure of

the energy per mode- is the coupling loss factpowhich is a very important

parameter to define power loss between subsysteimsréA.1).

Pin,l
wEin,
Sub-system 1 E, Py, = wEin1, — szUzl1/ E, Sub-system 2
-
wE31n,1

Pd,l N Pd,2 /

FigureA.1l: A Two Sulsystem SEA Model

Figure A.2 shows a coupled systewith the power flows for each resonance mode
Power flowsbetween asubsystem through dissipation or transmission to another

subsystem. A schematic SEA model is showhRigureA.2.
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FigureA.2: lllustration of ModalCoupling in Connected Subsystems a) Individual
Modal Groups with Subsystems Blockéq;Interactions of Mode pairsitl
Subsystems Connected at the Juncfibyon 1995

A.3 Sound Measurement

SEA is not able to predict sound level without given parametéch as acoustic

power of source sound level, coupling loss factors and transmission coefficients.
These parameters should be estimated or measured to complete the power balance
equation before any calculation. Estimatiorcofipling loss factorand tranmission
coefficients is generally possible by using theoretical approaches given below.
However prediction of source power level is not always possible. Therefore
measurements are necessary. Pressure measurement can be used to define the source

power levelas power is function of pressure.

Pressure can beither above atmospheric (ambient) pressure or below it in the
domain. Figure A.3 illustrates this fluctuation in a sinusoidal form of time
dependence pressuréhe atmospheric pssure is denoteds p,. The increase or

decrease in pressurecalled acoustic pressure fluctuatfmn
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FigureA.3: The acoustic pressure fluctuation

However, most of thesysten vibrates irregulaty, which causs a random
displacement from its equilibrium positioRor that reasorthe magnitudegressure
fluctuations are given amean square value defined by the time averddee
averaging timel must belarge enough to cover aide frequency ban@Fahy and
Walker 1998.

r A-2
n o0Qo

~ 3P
n Io E ,,—Y .
The human sensitivity of noise shewn approximate logarithmic behavioduman
earssensethe relative loudness of two sounasroughly the ratio of mean square
soundpressuresThus, thequantity used for the measurement of the sound pressure

is thesound pressure levébPL)defined by

A-3

. .. DO .. 0
UintI(;G crtl%—

wherePmsis the squareaot of the mean square pressiRg;is a reference pressure
of 20 pPaP,escorresponds to theot mean squarer(is) pressure of a pure tone at 1

kHz, which is justaudible to the average young human

Knowing SPL providesepresentations of the ener(dy) in dB. This enables energy

calcuhtion of the subsystem:

5 ot C%)i A-4
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whereEis a reference for energy is 10joules (or watisecond) The tand energy
of 0.1 joule, therefore, would correspond to a band energy level of 110dB

0 ppao

The relation between vibratognergy and the spatiene mean square velocity of

the structure or sound field is
O 0 U 00 A-5
whereM is the structural mass in kilogramas the speed.

The form of the velocity spectrum also determines the form of the straisticasd

spectraTableA-1 shows the relations between dynamical variables and levels.

TableA-1: Relation between dynamical variables dakls(Richard H. Lyon 1996

Variable Relation Level Formula Referance
. e
0 T €50 N L |
Energy E 1 P 0 pméMpgmn | O pm
o o)
0 b o esd \ a
Velocity v 0 D 0 &aédQpcgm| Y P o
, (o)
S Q
Displacement O o £
d PSS b 0 cmémpo | Q  pad
Acceleration b powé g . G
a @ 0 b @ 0 0 c¢mmt |  PTgqg
Q 20 o opesg— u
Strain e © P [ 0 0 cméd pgm Q pm
2 "Y
. Y 0
0 T €0 L N —
Stress T YOH Q P O 0 cmémd P

whereYi s t he youngds ?nudsdhe longisudinallwave speed mn / m

m/sec;M is the mass in kgy is the radian frequencyijs the cyclic frequency in Hz
kis the constant of order unity;is the mass density in kgfniThese relations allow
generating average (mean sp#oge square) response of the system if the average

energy of vibration or any of the other variables are known.
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A.4  Coupling Loss Factor CLF)

Coupling loss facto(CLF) is one of the key paramesan the SEA modelling. The
CLF is used to callate the sound pressure leval surface velocity of each
subsystem in a structuf€raik 1983. The CLFis dependent on geometrical details
of the connection of systems and different wave typdsch can be generated in

structures and at connections.

There are several ways to preséneé CLF such as numerical, thedical and
experimental. If the systems are connected at one or more points it is easier to
calculate the coupling loss factorable A-2 showsCLF expressionsised for all
calculationgCraik and Smith 2000

TableA-2: CouplingLossFactor expressions used for all calculations

Description CLF
Plate to room/cavity W,
(o)
Room to plate "R,
"o o
Cavity to plate T wQq,
h T (bn
Room to room/cavity (nenesonant) ) WYt
h l.IJ‘ (b“Q
Cavity to room . T
Plate to plate (line) p 60 80
~h o ° 0 _YF
Structure to structure (point) ) Y
"C@® s
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In TableA-2 }, is the density of aji s is the surface density of a plateis the total
subsystem massy is the wavespeed in airc_ is the longitudinal wawspeed of a
structure f; is the critical coincidence frequency of a pla¥is the structural
mobility, h is the thicknessS s the surface are¥ is the volumel is the radiation
efficiency, Uis the noaresonant roomot room transmission coefficiens, is the

structure transmission coefficient

Two systems can be coupled alongre l(for two dimensional systems) or along a
surface (for three dimensional systems). If the dimensions of the line (or surface) are
large compared tthe length of a free wave in the systemset of waves will be
incident power called the transmission ffioeent t. The transmission coefficient

will depend on the direction of the incident waves travelling with respect to the
joining line or surface. A schematic of two subsysteimgpled along an edge is

shown inFigure A.4.

L

Pra -

dé

i
Subsystem 1

Subsystem 2

Figure A.4: A schematic of twesubsystems SEA Mod@langley et al. 1997
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A.5 TransmissionCoefficients

Sabine(1922)introduced the reverberation time of sound and absorption coefficient
(a) namely the ratio between the naflected sound intensity and the incident
sound intensityvith the help ofexperimentsThe reflection coefficientr( is defined

as the ratio between the reflected and the incident sound intélrfgiy.relationship

is:
| ” p A_6

Part of sound energy is transformed into thermal andédreagycalled dissipation.

However, sound absorption cannotdlained with onlythe energy transforming
into heat. A large part of the energy may be transmitted through avatrough the
boundary of the system and may also radiatether system. Thushe absorption

coefficient can be given as two componentich are the dissation coefficient )

and transmission coefficient)((Cremer, Miller et al. 1984

[ . | A-7

Noise transmission through a structuoecursgenerally in the higlirequency range

of structural vibration and the ataceristic wavelength is smattompared to the
overall dimension of the structu(eangley and Heron 1990Conventional methods

of structural analysis (FEM) carequire high calculation time and computation
power because of the large number of degrees of the freé€diemkiewicz and
Taylor 200§. Relations between transmission coefficients and corresponding
coupling loss factors have been derived for some common structural connections
such as bearbheam, beanplate and plat@late couplings. Many authors have
considered the transmission coefficient right angledl Land X plated junctions
(Craven and Gibbs 1981Gibbs and Craven 198MWhitney and Ashton 1987
Langley and Heron 199®ichard H. Lyon 199p

Langley and Heroi(1990)presented an approach that considers the vibrations of the

structure in terms of elastic waveashich propagate through the structure and are
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partially reflected and transmitted at stwral discontinuities. This process of
reflection and transmission has been referred to aattBruationof the structure,

such as plate junctions or plate/stiffener connections.

Cremeret al. (1984)explained the power loss and transmission coeffidietween
coupled systems. Itheir applications it is assumed that all geometrical sound
reflections occur without any loss of energy. But the properties of boundary materials
govern energy loss and phase changes upon reflection from the boundaries.
Therdore those material properties may have a more profound effect on the
Statistical Room Acoustics. Considering acoustic problems would be incomplete

withoutenergy loss and phase shifts taken account.

A.6 Defending Transmission Coefficient

TransmissionCoefficient can be found with an approach, whitghused to model
adjacent plates and their junction (stiffene3 three subsysters. Figure A.5
demonstrates two plates with the junction and the power transmissithre figure
U qip the transmission coefficient, is the acousticnitensity Iot(W) is intensity
transmittel by plate andV is the incident waves direction. That wéllow for the
three types of wave motion which can occur in a flat plateh\tHis approach, the
gtiffener act as coupling elementetween the SEA subsystems. Tdmupling loss

factors can be found by considering wave transmission atr@ssffener.
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System Junction,
Transmissibility Tt (£2)

FigureA.5: Sketch shaing transmission of power between two systems through a

line junction (Lyon 1995)

As it is shown inFigure A.5 the transmission coefficient m is presented as a
function of the incident waves direction as the coefficient depends on the incident
waves, which are moving along the junction.

Langley and Heror§1990) used this approach to calculate transmission coefficient
and coupling loss faor. The governor equations and applicatians explained next

subchapter

A.7 Plate to Plate High Frequency Wave Energy Transmission

The calculationss based on the wave approach and conpéate to beam junction.
The junction behaves as a beam elemefthree types of waves
(bending,longitudinal,and shean)ill be included.Figure A.6 showsdisplacement

andtraction coordinates of platesed in mathematical definition.
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FigureA.6: Displacement and Traction coordinates of p(aengley et al. 1990)

The incident wavds mathematically defined axg’ “* *' & Which'depended on

time and space arttle wave definitiorat the junction implies that thesgonse in all

the plates must have the dependeegp’ ** *! [BdJing dependency on y to be
determined from the plane equations of motion. x aatkythe space coordinates and

k and € are corr e wpsangdar fregjuencyaanct isntimmb er s ,

The wave numbers of the plate J for three different types of waves can be calculated

as:
Bending waves N vy 8 A-8
Q —

0

Longitudinal waves - "0 p U A-9

B

Shear waves - ¢0 p v A-8

0xQ

where}; is the mass per unit areB; is the bending stiffnes€,;i s t he Young
modulus,hj is the height of the plate argli s Poi ssonés ratio. Th
plate 8 assumed to have ay dependenagdf These i mpl ements t he

the equations for three types of wave:

Bending waves ‘ T A-9
Longitudinal waves : T A-10
Shear waves ‘ T 0 A-13
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The relationship between the edge displacememtcthe tractions;Ean be :
0 0® A-14

Where K; is the dynamic stiffness matrix. The matrix of the equation is :

ef

[ua 1 A-15

d

. @y dpz 0 0
Joy_ @21 Qa2 0 0 . Vej
sF 0 0 Q33 O34 d
j Wej
MF 0 0 Qyz  (ag pd
] ef

"YR) RYR) are traction forces coordinates andhy by h— are displacement

coordinates.

This equation is not valid if the plane wave which is incident on the junction is
carried byplane j. In cas&j must be replaced by;-F$ andb; by b-bS whereF$ and

b? are the traction caused by the incident wave and the edge displacements.

In case an incident bending wave with an angie approaching below is the matrix

of the tractionsvhereF$ andb’ aregiven:
” A-16

I 0
, Nf' 0
Fi=|_al= —n'BJ.-['_u:5 — (2 =0k

s! _ J
. aBy(pu* — 0k*)
;|

i 0
b = Vey| |0
| u".;:-i_; [
gdr feqm,

LY

whereUis the wave amplitudé=or a longitudinal wave the corresponding results

Fr
I

A-17

are:
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. A-18

:F' aEy iyl f (1 + dy) .
g | N iy by (0 = 9k /(1 = 97)
4 SF 0
1
Mf’ 0
e A-19
[ ud‘: | alk
o | Ver | |t
b wf I 0 ]
o 0
o
And for a shear wave the edge displacements and tractions are :
A-20
[T (iak, b (u? + k27201 + 8,
- ik, (e + ik );’ (1+9)
F; _ ‘”t.:“ _ —aky jhkp/(1+9;)
S/ a
‘MIH (]
A-11

uf,”
(-{.' Lt
b = Vej | _ | —ak
4 W:; 0
0

dr
o

Calculate the wave amplitudes in each plate from the edge displacements of that
plate
Q A-12

w

The corresponding power of the wave amplitude for the different types of waves can

be calculated as:

- "1, L. A-23
I B N o R A-24
0 — OB
. "1 0Q., . . A-25
0 TOE%L
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The transmission coefficient may be calculated by taking the ratio of the transmitted
power to the total poer which is incident on the junction.

The magnitude of the power transmitted by each propagating wave may be
calculated from those equations byings the appropriate amplitud® and the

transmitted wavéangle)heading:
%0 — A-26

wherek; is the releant wave number arklis the wave number of the incident. The
transmission coefficient can be calculated by taking the Etithe transmitted
power to the total power.

The transmission coefficients for the junction can be written afothet 7 Héo.

Her e 1, %opresentrtheaarrebr plane, wave type, frequency and heading of
incident wave, and j and r present the carrier plate and wave type of a generated
wave.

The coupling loss factors that are used in SEA can be rétateghsmission

coefficients:
A-27

P S . A-28
T ] E T 71 Wi "QE %0 Q %o
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Appendix B

Thermodynamic Consideration

The first law of thermodynamicLCfnservation) s rgyecammot be created or
destroyed however energy came changedt y p dliere exists for every
thermodynamic system in equilibrium an extensivdasqaroperty called the entropy

(s), such that in an infinitesimal reversible change of state of the system

Whereq is the absolute temperature ands the total of heat received by the system.
The second | aw o fhe éntiopy omatdeymally msulated system A t
cannot decrease and is constant if and only if all processes\aarsiblé. Thus, the
reversible energy change (dU) in the internal energy U of an elastic dielectric which
is affected by a small strain (S), electric displacement{BDyimir, Damjanovic et

al. 2005.

The energy equations can be derived from Gibbs free energy thermodynamic

function G@,T,E) per unit volume. This geés:

O Y 0, Y'Y 00 B-2

Here, U is the internal energy per unit volume. The differential form is :
Q0 ,Q0YQ'Y 0QO B-13

Gibbs potential is found when temparre, stress, and electric field are taken

individually. It is obtained by:
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T 0 To | T 0 B-14
” . H‘Y ——) m .~
T Op ey 10

Gibbs freeenergy thermodynamic expansi@employed to generateetconstitutive
linear piezoelectric equation¥hese equations are used when the function G is
differentiated:

'Y | YO i ¥YY Q Yo B-15

0 1/ YO Q YY - YO B-6
The coupling constants in these eqmiagiy is the thermal expansion coefficient

matrix, i is elastic compliance matrix at constant electric fief@, is

piezoelectric constant matriX} is pyroelectric coefficient matrix, and is

permittivity matrix at constant stress.

Note that the piezoelectric constitutive equations are given in matrix form using

Voi gt 6s ipkdt1,2,84i56 nandih,n=1, 2, 3) and Ei nstei

convention of repeated subscripts.
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Appendix C

ANSYS® APDL CODES

C.1 ANSYS® APDL CODES

APDL is an abbreviation of ANSYS Parametric Design Language. This is a scripting
language to model the engineering problem anddhptdile is run with ANSYS.

Electromechanical coupling and electrical circuit are numerically modelled partially
or fully by utilizing ANSYS APDL CODE. Hereby, the codes are given.

C.2 Piezoelectric material properties

/com PZT -5H Z-polarized
/PREP7

/c om Stiffness
TB, ANEL, 8,1, 0

TBDATA ,1, 1.2720E+11, 8.0212E+10, 8.4670E+10
TBDATA, 7 ,1.2720E+11, 8.4670E+10

TBDATA ,12 ,1.1744E+11

TBDATA, 16, 2.3496E+10

TBDATA ,19,2.2989E+10

TBDATA,21 ,2.2989E+10
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/com Piezo

TB ,PIEZ, 8

TBDATA ,3, -6.6228
TBDATA, 6, -6.6228
TBDATA ,9, 23.2403
TBDATA ,14 ,17.0345
TBDATA ,16, 17.0345
/com Permittivity
EMUNIT,EPZRO,8.85E12
MP,PERX,8,1704
MP, PERY,8,1704
MP,PERZ,8,1433
/comDensity

MP,DENS,8,7500

C.3 Static analysis code for the PZT attached alumium beam

I Piezoelectric Shunt Resistance Inductor Parallel Circuit to
I mitigate Simple Beam Vibration by Serkan Turkmen
IVIEW,1,1,1,1

IVUP,,Z

IPREP7
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EMUNIT,EPZRO,8.85E12 !command for information on frespace ! permittivity
(F/m)

ET,1,s0lid5 ! 8node solid with all DOF, used for

I piezoelectric material

ET,2,s0lid45 ! 8hode solid with UX,UY,UZ DOF,

l'used for aluminum beam

MP,DENS,1,7730 ! Density of piezoelectric material kg/m3
MP,PERX,1,1700 ! Permittivity of piezoelectric material epl
MP,PERY,1,1700

MP,PERZ,1,1470

I Piezoelectric "e" matrix of piezoelectric material (c/m2)
TB,PIEZ,1

TBDATA,3,-6.5 le31

TBDATA,6,-6.5 1e32

TBDATA,9,23.3 'e33

TBDATA,14,17.0 'e24

TBDATA,16,17.0 lel5

I Stiffness "c" matrix of piezoelectric material
TB,ANEL,1
TBDATA,1,12.6E10,7.95E10,8.41E10

TBDATA,7,12.6E10,8.41E10
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TBDATA,12,11.7E10

TBDATA,16,2.3E10

TBDATA,19,2.3E10

TBDATA,21,2.325E10

MP,EX,2,7.1E10 ! Modulus of Elasticity of aluminium

MP,NUXY,2,.33 ! Poisson's ratio of aluminium

MP,DENS,2,2700 Density of aluminium

!

BTHK= 0.8E3 ! Beam thickness

CVTHK= 2.6E4 ! Piezoelectric material covering thickness
DEPTH= 2.54E2 ! Depth of assembly

BLNGTH= 20E2 ! Beam length

CVLNGTH=4.5E2 ! Length of covering
BLOCK,,CVLNGTH,,DEPTH,,BTHK ! Definegovered beam volume
BLOCK,CVLNGTH,BLNGTH,,DEPTH,,BTHK ! Defines uncovered beam volume
BLOCK,-.1E-2,,,DEPTH,,BTHK

VATT,2,,2 ! Associates material 2 and type 2 with beam volume

BLOCK,,CVLNGTH,,DEPTH,BTHK,BTHK+CVTHK | Defines piezoelectric

material cover
BLOCK,,CVLNGTH, DEPTH,0-:CVTHK

ESIZE ,BLNGTH/30 ! Defines default element size
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NUMMRG,KP ! Merges duplicate solid model entities

numstr,node,14 ! Set starting node number for the solid model
VMESH,ALL ! Generates nodes and elements within the volumes

!

NSEL,S,LOC,Z, BTHK

NSEL,R,LOC,X,,CVLNGTH

CP,1,VOLT,ALL ! Couples volt DOF at beam interface
CM,INTRFC,NODE ! Creates a component for the interface (Face to beam)
*GET,BOT_ELECTRODE,NODE,,NUM,MIN
NSEL,S,LOC,Z,BTHK+CVTHK

NSEL,R,LOC,X,,CVLNGTH

CP,2VOLT,ALL ! Couples volt DOF at piezoelectric material outer surface
CM,OUTSIDE,NODE ! Creates a component for the outer surface

*GET, TOP_ELECTRODE,NODE,,NUM,MIN

NSEL,S,LOC,Z, 0

NSEL,R,LOC,X,,CVLNGTH

CP,3,VOLT,ALL ! Couples volt DOF at beam interface

CM,INTRFC2,NODE ! Creates a component for the interface (Face to beam)
*GET,BOT_ELECTRODEZ2,NODE,,NUM,MIN

NSEL,S,LOC,Z,CVTHK
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NSEL,R,LOC,X,,CVLNGTH
CP,4,VOLT,ALL ! Couples volt DOF at piezoelectric material outer surface
CM,OUTSIDE2,NODE ! Creates a mponent for the outer surface

*GET, TOP_ELECTRODEZ2,NODE,,NUM,MIN

/solu
antype,static I Static analysis

F,FORCENODE,FZ,0.1 ! Applying force

D,BOT_ELECTRODE,VOLT,0.0 I Ground bottom electrodes
D,BOT_ELECTRODE,VOLT,0.0

DDELE, TOP_ELECTRODE/OLT ! for open circuit condition

DDELE, TOP_ELECTRODEZ2,VOLT ! for open circuit condition

I Or

ID, TOP_ELECTRODE,VOLT,1.0 ! Apply unit voltage to top electrodes
ID,TOP_ELECTRODEZ2,VOLT,1.0

solve*get,Cs_PZT,node, TOP_ELECTRODE,rf,amps ! Get electric chargemn t

lelectrode
*get,Cs_PZT2,node, TOP_ELECTRODEZ2,rf,amps
Cs PZT1 =abs(Cs_PZT)! C = Q/V, where V = 1 Volt

Cs PZT2 =abs(Cs_PZT2)! C =Q/V, where V = 1 Volt
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/com, Equivalent panaeters of the piezoelement
/com,

/com, Static capacitance Cs_PZT1 = %Cs_PZT1% F
/com, Static capacitance Cs_PZT2 = %Cs_PZT2% F

Fini

C.4 Modal analysis code for the PZT attached aluminium

beam

/ISOLU

ANTYPE,MODAL ! Modal analysis

nmodes = 20

modopt,LANB,nmodes$ Block Lanczos solver

mxpand,nmodes,,,yes ! Calculate element results and

I reaction forces

TOTAL,30,1 ! Requests automatic generation of

I (structural) DOF

D,BOT_ELECTRODE,VOLT,0.0

D, TOP_ELECTRODE,VOLT,0.0 ! Add boundary condition will change
D,BOT_ELECTRODEZ2,VOLT,0.0

D, TOP_ELECTRODEZ2,VOLT,0.0 ! Add boundary condition will change

IDDELE, TOP_ELECTRODE,VOLT ! for open circuit condition
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IDDELE, TOP_ELECTRODEZ2,VOLT ! for open circuit condition
I the modal frequency

TOTAL,30,1 ! Requests automatic generatién o

I (structural) DOF

SOLVE

FINISH

/postl
*dim,C,array,nmodes ! Define arrays to store equivalent parameters
*dim,L,array,nmodes

P12 = 2*3.14159

Co=Cs_PZT1
SETI!! 11 17
/com,

*do,i,7,nmodes
*get,Fi,mode,i,freq ! Get frequency

*get,Qi,node, TOP_ELECTRODE,rf,amps !! Get electric charge on top electrode

Omi = Pi2*Fi I Convert linear frequency to angular
C(i) = (Qi/Omi)**2 I Calculate equivalent dynamic capacitance
Co =Co-C(i) I Adjust static capacitance for dynamic terms

L(i) = 1/(Omi**2*C(i)) ! Calculate equivalent dynamic inductance
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*if,i,eq,7,then I Get seventh mode frequency for
I harmonic analysis, Here inductance is also defined.
F7 = Fi $Om7 = Omi

*endif

/com, Mode %i%

/com, Resonant frequency F = %Fi% Hz

/com, Dynamic capacitance C = %C(i)% F

/com, Dynamic inductance L = %L(i)% H

/com,

set,next

*enddo

/com, Adjusted static capacitance Co = %Co% F

C.5 Harmonic analysis code for the PZT attached aluminium

beam

IPREP7

I The calculation should continue from the previous code
ET,3,CIRCU94,1,0! Set up the inductor

R,1,L(i)

RMOD,1,15,0,0 ! Subscript of inducta 0, i.e. LO
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TYPE,3 $ REAL,1

E,TOP_ELECTRODE,BOT_ELECTRODE ! Parallel the inductor to the

I electrodes of PZT

E,TOP_ELECTRODE2,BOT_ELECTRODE2 ! Parallel the inductor to the

| electrodes of PZT

ET,4,CIRCU94,0,0 ! Set up the resistor

R,2,R(i)

RMOD,2,15,0,0 ! Subscript of resistor is 0, i.e. RO

TYPE,4 $ REAL,2

E,TOP_ELECTRODE,BOT_ELECTRODE ! Parallel the resistor to the

I electrodes of PZT

E,TOP_ELECTRODE2,BOT_ELECTRODEZ2 ! Parallel the resistor to the
I electrodes of PZT

NSEL,ALL

FORCENODE =node(0,DEPTH/2,0) ! Node where force applied
DISPNODE = node(BLNGTH,DEPTH/2,BTHK) ! Node where deflection detected
FINISH

/SOLU

ANTYPE,HARM ! Harmonic analysis

HARFRQ,0,1000, ! Frequency range of analysis
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NSUBST,500, ! Number of frequency steps

KBC,0 ! Impulse loads

F,FORCENODE,FZ,0.01 ! Applying force 0.01N
D,BOT_ELECTRODE,VOLT,0.0 ! Assigns zero voltage to bottom electrode
D,BOT_ELECTRODEZ2,VOLT,0.0 ! Assigns zero voltage to bottom electrode
DDELE, TOP_ELECTRODE,VOLT

DDELE, TOP_ELECTRODEZ2,VOLT

CNVTOL,F,,,,1E5 ! Small convergence value for force

CNVTOL,VOLT ! Default convergence value for current flow
INSEL,S,LOC,X

D,ALL,UX,,,,,UY,UZ ! Fixes nodes at x=0

INSEL,ALL

SOLVE

FINISH

/IPOST26

NSOL,2,DISPNODE,U,Z | Get-direction deflection at nodeISPNODE

PLVAR,2 ! Plot variable 2 vs. Freq
prvar,2
I'and store it into variable 2

/IERASE
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/axlab,y,Displacement
IYRANGE,0,4

PLVAR,2 ! Plot variable 2 vs. Freq
/window, 1,0ff

/noerase

FINISH

C.6 Harmonic analysis code for the PZT attached aluminium

beam with R-L electrical circuit

Modal anaylsis should be calculated before harmonic analysis as the inductor values

are defined in modal analysis.

IPREP7

ET,3,CIRCU94,1,0! Set up the inductor

R,1,L(i)

RMOD,1,15,0,0 ! Subscript of inductor is O,. L€

TYPE,3 $ REAL,1

E,TOP_ELECTRODE,BOT_ELECTRODE ! Parallel the inductor to the
I electrodes of PZT

E,TOP_ELECTRODE2,BOT_ELECTRODE2 ! Parallel the inductor to the
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| electrodes of PZT

IE,1,2 ! Parallel the inductor between

'node 1 and 2

ET,4,CIRCU94,0,0 ! Set up the resistor

R,2,R(i)

RMOD,2,15,0,0 ! Subscript of resistor is 0, i.e. RO

TYPE,4 $ REAL,2

E,TOP_ELECTRODE,BOT_ELECTRODE ! Parallel the resistor to the
I electrodes of PZT

E,TOP_ELECTRODE2,BOT_ELECTRODEZ2 ! Parallel the resigidhe

I electrodes of PZT

IE,1,2 ! Parallel the resistor between node 1 and 2

NSEL,ALL

FORCENODE = node(0,DEPTH/2,0) ! Node where force applied
DISPNODE = node(BLNGTH,DEPTH/2,BTHK) ! Node where deflection !detected
FINISH

/SOLU

ANTYPE,HARM ! Harnonic analysis

HARFRQ,0,1000, ! Frequency range of analysis

NSUBST,500, ! Number of frequency steps
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KBC,0 ! Impulse loads

F,FORCENODE,FZ,0.01 ! Applying force

D,BOT_ELECTRODE,VOLT,0.0 ! Assigns zero voltage to bottom electrode
D,BOT_ELECTRODEZ2,VOLT,®@ ! Assigns zero voltage to bottom electrode
DDELE, TOP_ELECTRODE,VOLT

DDELE, TOP_ELECTRODEZ2,VOLT

CNVTOL,F,,,,1E5 ! Small convergence value for force

CNVTOL,VOLT ! Default convergence value for current flow
INSEL,S,LOC,X

'D,ALL,UX,,,,,UY,UZ ! Fixes node at x=0

INSEL,ALL

SOLVE

FINISH

/IPOST26

NSOL,2,DISPNODE,U,Z ! Get-direction deflection at node DISPNODE
NSOL,3,120,U,Z ! Get-direction deflection at node DISPNODE

PLVAR,2 ! Plot variable 2 vs. Freq

prvar,2

I'and store it into variable 2

IERASE

/axlab,y,Displacement
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IYRANGE,0,4

PLVAR,2 ! Plot variable 2 vs. Freq
PLVAR,3 ! Plot variable 2 vs. Freq
/window, 1,0ff

/noerase

FINISH
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Appendix D

The elements used for FEM in ANSY$8

D.1 SOLID5 Element Description

SOLIDS is tree dimensional element amads a 3D magnetic, thermal, electric,
piezoelectric, and structural field capability with limited coupling between the fields.
The element has eight nodes with up to six degrees of freedom at eachhidues

shown inFigureD.1. Scalar potential formulations (reduced RSP, difference DSP, or
general GSP) are available for modeling magnetostatic fields in a static analysis.
When used in structural and piezoelectric analyses, SOLID5 has large deflection and
stressstiffeningcapabiities. (AFU Guide 2010)

FigureD.1: SOLID5 Geometry(AFU Guide 2010)
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D.2 SHELL181 ElementDescription

SHELL181 is a two dimensional element and suitable for analysing thin to
moderatelythick shell structures. It is adode element with six degrees of freedom
at each node which is shownkigureD.2. Translations in the X, y, and z directions,

and rotations about the x, y, anduzes.

SHELL181 is well-suited for linear, large rotation, and/or large strain nonlinear
applications. Change in shell thickness is accounted for in nonlinear analyses. In the
element domain, both full and reduced integration schemes are supported.

Trianguiar Opfion
{not recommended)

FigureD.2: SHELL181 Geometry(AFU Guide 2010)

Xo = Element xaxis if ESYS is not provided.

x = Element xaxis if ESYS is provided.

D.3 BEAM188 Element Description:
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BEAM188 is one dimensional element arslitable for analysing slender to
moderately stubby/thick beam structures. The element is based on Timoshenko beam
theory which includes shedeformation effects. The element provides options for

unrestrained warping and restrained warping of esestins.

The element, shown iRigure D.3, is a linear, quadratic, or cubic twmde beam
element in 3D. BEAM188 has six or seven degrees of freedom at each node. These
include translations in the x, y, and z directions and rotatasit the x, y, and z
directions. A seventh degree of freedom (warping magnitude) is optional. This
element is welsuited for linear, large rotation, and/or large strain nonlinear

applications.

The element includes stress stiffness terms, by defaultnynanalysis with large
deflection. The provided stressiffness terms enable the elements to analyze
flexural, lateral, and torsional stability problems (useigenvalue bucklingor

collapse studies withrc length methods or nonlinear stabiliza}ion

Elasticity, plasticity, creep and other nonlinear material models are supported. A
crosssection associated with this element type can be aujui#ection referencing

more than one material.

FigureD.3: BEAM188 Geometry(AFU Guide 2010)

BEAM188 Element Technology and Usage Recommendations
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BEAM188 is based on Timoshenko beam theory, which is a-didér shear
deformation theory: transverséear strain is constant tlugh the crossection (that

is, crosssections remain plane and undistorted after deformation).

The element can be used for slender or stout beams. Due to the limitations of first
order sheadeformation theory, slender to moderately thick beams candigzad.
Use the slenderness ratio of a beam structure (@4l ) to judge the applicability

of the element, where:

G = Shear modulus

A = Area of the crossection

L = Length of the member (not the element length)
El = Flexural rigidity

Calculate he ratio using some global distance measures, rather than basing it upon
individual element dimensions. The following illustration shows an estimate of
transverseshear deformation in a cantilever beam subjected to a tip load. Although
the results cannotebextrapolated to any other application, the example serves well

as a general guideline. A slenderness ratio greater than 30 is recommended.

D.4 CIRCU94 Element Description

CIRCU94 isone dimensional elemend. circuit element for use in piezoelectric
circuit analysesThe big difference of this element from the other one dimensional
elements is thaCIRCU94 element has two or three nodes to define the circuit
component and one or two degrees of freedom to model the circuit response. The

element may interfae with the following piezoelectric elements:
PLANE13, KEYOPT(1) = 7 coupletield quadrilateral solid

SOLID5, KEYOPT(1) = 0 or 3 couplefield brick
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SOLID98, KEYOPT(1) = 0 or 3 couplefield tetrahedron
PLANE223, KEYOPT(1) = 1001, coupldteld 8-node qudrilateral
SOLID226, KEYOPT(1) = 1001, coupldikld 20-node brick
SOLID227, KEYOPT(1) = 1001, coupldeld 10-node tetrahedron

CIRCU94 is applicable to full harmonic and transient analyses. For these types of

analyses, you can also use CIRCU94 as a gkaecuit element.

The geometry, node definition, and degree of freedom options are shdvigune
D.4Active nodes | and J define the resistor, inductor, capacitor and independent
current source. They are conrextto the electric circuit. Active nodes | and J and a
passive node K define the independent voltage source. The passive node is not
connected to the electric circuit. It is associated with the C((ilRRent)degree of

freedom (which represents electricacte for this element).

Resistor fnclucior Capaciior

W 7] *

Vg Wy Wy
KEYORTIty =0 KEYOPTi 1) =1 KEYOPT(1)=2
DOF =WOLT OOF =WOLT DOF =WOLT
independent independent
Current Source Voliage Source

V; Vg

o

Wy Vi
KEYOPT{1}=3 KEYOPT(1} = 4
DOF =V0LT DOF =VOLT (1 J), CURR (K}

FigureD.4: CIRCU94 Circuit OptiongAFU Guide 2010)
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CIRCU94 is only compatible with elements having a VOLT DOF and an electric
charge reaction solutiorklectric charge reactions must all be positive or negative.
KEYOPT(6) sets the electric charge reaction sigm. the study, a resistor
KEYOPT(0) and a inductor KEYOPT (1) are us@duide 2010
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Appendix E

Piezoelectric Constants in ANSYS

E.1 Piezoelectric material constants in ANSYS

Manufacturer of the material data and ANSYi®tation can be different. In that

case, it is necessary to convert the mat
equations of piezoelectric material (presented in Chapter 3) to ARIS3&tion. In

the appendix, all the parameters are presented in the form that ANS¥S Here is

the ANSYS required values for stiffness matrix at the constant electric field (ie

short circuit), dielectric matrix evaluated at constant strains (i.e. mechanically

clamped) and piezoelectric matrix relating stress/electric field are given respectively:

A O E-1
- =- Q O 1Q E-2
A O Q1Q E-3

Stress is used rather than strain:

) o) 3 0 Q% E-4

In electric displacement equation, strain is used rather than stress:

$ QO 3 - % Q00 Q% E-5
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Appendix F

F.1

Definition of Root Mean Square

Root Mean Square

__\_\\'
]

Root mean square (r-m.s.). average and peak values
are related by:

-
A

r.m.s. oaluc =
> />

1 ;
average valuc=—— peak value
Il

P " 54
eak
il [ crest factor = e
s gl % rms
% i s :
\ * - For a sinusoidal waveform:
Trre / =
/ - displacement. ¥ = asm(2xnt)
/
/ velocity. v = dy/dt
/ = (2m).a.cos(2m.t)
acceleration. f = dv/dt
= d2y/de?
= -(2xn).a.sin{2xn.t)
where n frequency. Hz

time. seconds

FigureF.1: Definition of Root Mean Square(Lyon 1995)
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Appendix G

Piezoelectric coupling constant
G.1 The crystallographic point groups
The piezoelectric effealepends upon the crystallographic symmetry. In the other

word, the arrangement of atoms i different type piezoelectric material has

different the point groupsn total, there are thirtywo point groups which is shown

in FigureG.1.
CRYSTAL CENTRIC ACENTRIC POINT GROUPS OPTIC
SYSTEM POINT GROUPS POLAR NONPOLAR AXES
TRICLINIC 1 1 NONE B
I
A
MONOCLINIC 2/m 2 m NONE X
I
A
ORTHORHOMBIC mmm mm2 222 L
- - U
TETRAGONAL 4/m 4/mmm 4 4mm 4 42m 422 N
|
- - A
TRIGONAL 3 3m 3 3m 32 X
I
HEXAGONAL 6/m 6/mmm 6 6mm I 6m2 622 f
CUBIC m3 m3m NONE 23 43m 432 | 1somroric
11 GROUPS 10 GROUPS 11 GROUPS

FigureG.1: The crystallographic point grougBallato 1996
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Piezoelectric materi al 0s mechani cheand e
crystallographic poingroups One of these properties piezoelectric coupling constant
(Kj;) represents the efficiency of piezoelectric eff€éejureG.2 shows the values for

the piezoelectric coupling constant of piezoelectric materials.

FigureG.2: Piezoelectric coupling constant of representative matéBellato 1996
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