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ABSTRACT

A METHODOLOGY FOR DESIGNING TONPILZ-TYPE TRANSDUCERS

Cepni, Kerim
M.Sc., Department of Mechanical Engineering
Supervisor : Assoc. Prof. Dr. Derek K. Baker

Co-Supervisor : Prof. Dr. Mehmet Caliskan

September 2011, 116 pages

Tonpilz-type transducers are the most commonly used projectors in uatgeracoustic ap-
plications. However, no complete design approach is available in the litefatugech trans-
ducers. The present study aims to fill this gap in the literature by providingt@raatic
design approach for the Tonpilz-type transducers. The proposedduddlgy involves the
use of three dferent analytical models and a finite element model of such transducets. Ea
model provides a dlierent level of accuracy that is tightly correlated with the model's com-
plexity and computational cost. By using these models sequentially starting withrpkest
and fastest model to yield an initial design and concluding with the most detaitedczu-
rate model to yield an optimized final design the overall design time is reduckedraater
flexibility is given to the designer. An overview of each of these four moetgven. The
constructed models are benchmarked against published experimentalltataverall de-
sign methodology is demonstrated by systematically applying the four modelsigm des

Tonpilz-type transducer. Possible improvements to the proposed methpdoéodiscussed.

Keywords: Tonpilz, transducer, underwater acoustics, piezoelgfitite element method
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Oz

TONPILZ-TURU ELEKTROAKUSTIK CEVIRICILER ICIN BIR TASARIM
METODOLOJSI

Cepni, Kerim
Yilksek Lisans, Makina Mhendislgi Bolumi
Tez Yoneticisi : Doc. Dr. Derek K. Baker
Ortak Tez Yoneticisi : Prof. Dr. Mehmet Caliskan

Eylul 2011, 116 sayfa

Tonpilz-tirl elektroakustik ceviriciler, su alti aku§tiuygulamarinda en yaygin olarak kul-
lanilan vericilerdir. Buna @men, buiirdeki elektroakustik ceviricilerin tasarimina yaseren
tam bir kaynak literairde bulunmamaktadir. Bu ¢calisma, Tonpilztielektroakustik ceviriciler
icin sistematik bir tasarim yolu sunarak litdiedeki bu agjji doldurmayi hedeflemektedir.
Onerilen metodoloji, buirdeki elektroakustik ceviricileriic analitik ve bir sonlu eleman-
lar modelini icermektedir. Her bir model, karmasikliklari ve hesaklgri ile yakindan ilgili
olarak farkl dd@ruluk seviyeleri sunmaktadir. Bu modellerin, ilk tasarima ulasmak icin en
basit ve en hizlisi ile baslanacak ve optimize edilmis son tasarima ulasmak id&tag/l ve
en darusu ile sonlandirilacak sekilde sirasiyla kullanimi, tasarim igin gerek&mcjireyi
diugirmekte ve tasarimciyaipiuk esneklik kazandirmaktadir. Buwod model, genel olarak
tanitilmis ve aciklanmistir. Yayinlanmis deneysel verilerle karsilastikarakan modellerin
performanslari dgerlendirilmistir. Tum tasarim metodolojisinidgsterim amach, drt mod-
eli sistematik bir sekilde kullanarak bir Tonpiliafti elektroakustik gevirici tasarlanmistir.

Onerilen metodoloji icin olasi gelistirme yollari aciklanmistir.



Anahtar Kelimeler: Tonpilz, elektroakustik ¢evirici, su alti akgstpiezoelektrik, sonlu ele-

manlar metodu

Vi



To Mom and Dad

Vii



ACKNOWLEDGMENTS

First of all, | would like to express my sincere gratitude and appreciation toupgrsisor

Assoc. Prof. Dr. Derek K. Baker for his farsighted guidance, stsagport, and extremely
motivating encouragements throughout my little adventurous career fulbsfaected events.
| feel so lucky to have the chance of conducting my studies under his\gsipa despite hav-

ing a thesis subject out of his areas of interest.

I would also like to express my sincere graditute to my co-supervisor Praf. M&hmet
Caliskan for his instructive comments and precious advice. The pgrstaty would have

serious deficiencies without being enlightened by his knowledge andienpe.

| would like to give my special thanks to my friendileyin Ka&jan Qyuz for our countless
in-depth discussions about the subject and his kind helps whenewgdekewould like to
thank Prof. Dr. Hayrettin Bymen as well for his concise and insightful comments that en-

hanced the present study remarkably.

Additionally, | would like to thank my ex-company Meteksan Defence for intigiag me to

the subject of this study and providing opportunities to study on it.

And last but not the least, | am wholeheartedly grateful to my mom and dabdi endless

love, support, and patience throughout my entire life as well as the the&s pe

viii



TABLE OF CONTENTS

ABSTRACT . . . . v
OZ . o o v
ACKNOWLEDGMENTS . . . . . . . e e viil
TABLE OF CONTENTS . . . . . . e e e IX
LISTOF TABLES . . . . . . Xii
LISTOFFIGURES . . . . . . . s e e e e e e e V Xi
LISTOF SYMBOLS . . . . . . XVili
CHAPTERS
1 INTRODUCTION . . . . . e e 1
1.1 Brief History of Underwater Acoustics . . . . . . ... ... .. .. 1
1.2 Overview of Sonar Applications and Transducer Types . . . . . .. 4
13 Basics of Underwater Acoustics . . . . . . . .. ... ... ... .. 7
1.4 Piezoelectricity . . . . . . . . .. ... 9
1.5 Overview of Tonpilz-Type Transducers . . . . . .. ... ... ... 13
151 Performance Metrics of Tonpilz-type Transducers . . . . . 18

152 Survey of Studies Regarding Tonpilz-Type Transducers . . 22

1.6 ThesisOverview . . . . . . . . . ... 24
16.1 Objectives . . . . . . . . . . . 24
1.6.2 SCope . . . 25
1.6.3 Organization . . . .. .. .. .. ... ... ..., 25
2 MODELING TECHNIQUES . . . . . . . . . .. . o . 26
2.1 Simple Lumped-ParameterModel . . . . . .. ... ... ...... 26
2.2 Lumped-Parameter Electrical Equivalent Circuit Model . . . . . .. 34

4



2.3 Matrix Model . . . . . . . . . e 38

2.4 Finite ElementModel . . . . . . . .. ... ... L. 45
3 VALIDATION OF MODELING TECHNIQUES . . .. ... ... ... .. 50
3.1 Validation of the Simple Lumped-Parameter Model . . . . ... .. 52
3.2 Validation of the Lumped-Parameter Electrical Equivalent Circuit
Model . . .. . . . . . 55
3.3 Validation of the Matrix Model . . . . ... ... ... ... .... 58
3.4 Validation of the Finite ElementModel . . . . . .. ... ... ... 63
35 Comparison of the Results Obtained withfBient Modeling Tech-
NIQUES . . . o o e e e e e e e e e e e e 68
4 DESIGN METHODOLOGY . . . . . . . e e 71
4.1 Statement of the Proposed Methodology . . . . ... ... ... .. 71
4.2 Sample Transducer Design with the Proposed Methodology . . . . . 73
421 Statement of Design Criteria . . . . . ... ... ..... 73
4.2.2 Sample Design Procedure . . . . ... ... ... .... 74
4.2.2.1 Stagel . . . ... ..o 76
4.2.2.2 Stagell . . ... ... L. 77
4.2.2.3 Stagelll . ... ... ... ... ... ..., 81
4.2.2.4 StagelV . . .. ... 83
423 Comparison of the Performance Metrics of the Transduc-
ers with Dimensions Obtained in fPerent Stages of the
Sample Design Procedure . . . . . ... ... ... ... 87
5 CONCLUSION . . . . 89
REFERENCES . . . . . . . e 92
APPENDICES
A VALIDATION OF THE ACOUSTIC FIELD IN THE FINITE ELEMENT

MODELS . . . . . 98
Al Definition of Radiation Impedance . . . . ... ... ........ 98

A2 Analytical Representation of Radiation Impedance for a Circular Pis-
toninaRigidBdfle . . ... .. ... ... ... ... .. ..., 99

A3 Numerical Representation of Radiation Impedance for a Circular Pis-
toninaRigidBdfle . . ... ............ .. ....... 100



A4 Discussions & Conclusion
MATERIAL CONSTANTS USED IN THE MODELS

PHYSICAL DIMENSIONS OF THE TRANSDUCER USED FOR BENCH-
MARKING THE MODELS

Xi



LIST OF TABLES

TABLES

Table 2.1 Mechanical Terms with Their Electrical Analogues in the Impedanatgy 28

Table 3.1 Data regarding the Head Mass and Tail Mass of Bayliss’ 50 kHgilz . . 53

Table 3.2 The Measurement and the Simple Lumped-Parameter Model Regatt-r
ing the Resonance Frequency and Mechanical Quality Factor for tHes8a80

kHz Tonpilz . . . . . . . . e 54

Table 3.3 The Measurement and the Lumped-Parameter Electrical Equialeuit
Model Results regarding the Resonance Frequency and Mechankty@actor

forBayliss' 50 kHz Tonpilz . . . . . . . . . . . . . . . 57

Table 3.4 The Measurement and the Matrix Model Results regarding tren&ese
Frequency and Mechanical Quality Factor for Bayliss’ 50 kHz Tonpilz ..... . 62

Table 3.5 The Measurement and the FE Model Results for the Resonaatpe=kcy
and Mechanical Quality Factor for the Bayliss’ 50 kHz Tonpilz . . . . . . ... . 66

Table 3.6 The Accuracies of the Models in terms of Resonance Freqsemithere-

spect to the Measurement and Computation Times Required by the Models . 7Q .

Table 4.1 The Design Criteria regarding the Sample Design Procedure ........ 73
Table 4.2 The Transducer Dimensions Obtained in Stage | of the Desigadeirec. . 77

Table 4.3 The Peak Frequency, Bandwidth, and SL Obtained with Varinasrieter

Table 4.4 The Best5 Parameter Sets with respect to the Bandwidth Requiickstern
mined by Parameter Sweep in the Lumped-Parameter Electrical Equivaleuit Cir

Model . . . . . e e 79

Xli



Table 4.5 The Transducer Dimensions Obtained in Stage | and Stage |1$&thgle

Design Procedure . . . . . . . . . 80
Table 4.6 The Best 5 Parameter Sets with respect to the Bandwidth Requii2eien

termined By Parameter Sweep in the Matrix Model . . . . ... ... ... ... 82
Table 4.7 The Transducer Dimensions Obtained in Stage Il and Stage Id S&tnple

Design Procedure . . . . . . . . . . . e 83
Table 4.8 The Best 5 Parameter Sets with respect to the Bandwidth Requii2eien

termined By Parameter Sweep inthe FEModel . . . .. .. .. ... ... ... 85
Table 4.9 The Transducer Dimensions Obtained in Stage Ill and Stagethé Sam-

ple Design Procedure . . . . . . . . . . . . ... 86
Table 4.10 The Dimensions regarding the Transducer Parts obtainefieredt Stages

of the Sample Design Procedure . . . . . . . . . . . ... ... .. ........ 87
Table 4.11 The Peak Frequencies of the SL Results shown in Figure 4.9 bgtiute

Percent Relative Errors with respect to 15 kHz and the Number of Ptea®ets

with the Computational Times encountered in the corresponding Stages of the

SampleDesign . . . . . .. e e 88

Table A.1 Average Absolute Percent Errors and Computation Times of theeNeal
Calculations for the Radiation Resistanegesistanceand Radiation Reactance,
€ reactanceWith respect to the Analytical Ones for 24ffErent Cases Having v,

andnp as Changing Parameters . . . . . . . . . . ... 105

Table B.1 The Properties of the Materials Used in Transducer ModelingdExhe

PiezoceramiCsS [75] . . . . . . . . o e 108

Table B.2 The Properties of Navy Type | (PZT-4) Piezoceramics [4,.75]. . . . . . 109

Xiii



LIST OF FIGURES

FIGURES

Figure 1.1 A representative sketch of the first quantitative experimemderwater

acousticS[B] . . . . . . e 2
Figure 1.2 A representative sketch of the working principles of songb[®) . ... 5

Figure 1.3 Pictures of (a) a hull-mounted cylindrical array and (b) a stibenapher-

ical array which both consist of Tonpilz-type transducers[4] . . . ...... . .. 6
Figure 1.4 A sketch of the direct and converse piezoelecfieces [16] . . . . . . . . 9

Figure 1.5 A picture of the first Tonpilz-type transducer built like in its cotistate

with a disassembled presence for better visibility of its constituents [28] . . . 13.
Figure 1.6 A 3-D cross-sectional sketch of a typical Tonpilz-type tracesd[11] . . . 14

Figure 1.7 A detailed 2-D cross-sectional sketch of a typical Tonpilz-ygpesducer [4] 15

Figure 2.1 Sketch of a single-degree-of-freedom mass-spring system . . . . . . 27

Figure 2.2 Electrical equivalent circuit of the single-degree-ofdoee mass-spring

systemshownin Figure 2.1 . . . . . . . . .. 27

Figure 2.3 Sketch of the double-degree-of-freedom mass-springnsys$ncluding

head masd\iy, and tail massMg, separately . . . . .. .. ... ... ...... 29

Figure 2.4 Electrical equivalent circuit of the double-degree-afdmn mass-spring

systemshowninFigure 2.3 . . . . . . . ... 30
Figure 2.5 Schematic view of the modeled transducer (Adapted from[4]) . . . . 34

Figure 2.6 Electrical equivalent circuit of the transducer shown in Eigus (Adapted

from[4]) . . . . . e 35

Figure 2.7 (a) A sketch of along rod, and (b) its 1-D lumped-parametegseptation

with ideal massesand springs . . . . . . . . . . . . . e 38

Xiv



Figure 2.8 Sketches of (b) the 3 bars wittelient materials and boundary conditions,

and (a) the assembly constituted by serial connection of these bars. . . .. 40

Figure 2.9 (a) Model parameters & dimensions, and (b) 5-port netwerkent rep-
resentation of the piezoceramic ring subjected to the matrix model (Adapted from

1750 T 42

Figure 2.10 (a) Elements (@erent colors for dierent materials), and (b) nodes of a

2-D finite element model for an arbitrary Tonpilz transducer . . . . . . . ... A7

Figure 2.11 A generic representation of the finite element models built for astin

gation of Tonpilz-type transducers for the presentwork . . . . ... ... . 49

Figure 3.1 Bayliss’ 50 kHz Tonpilz: (a) real [75], and (b) model . . . . ... ... 50
Figure 3.2 In-water conductance measurement results for the BayligsibTonpilz 51
Figure 3.3 In-water TVR measurement results for the Bayliss’ 50 kHzitonp. . . 52

Figure 3.4 Lumped-Parameter Electrical Equivalent Circuit Model andsuremnent

results for in-water conductance of the Bayliss’ 50 kHz Tonpilz . . . . ...... 56

Figure 3.5 Lumped-Parameter Electrical Equivalent Circuit Model andsuremnent

results for in-water TVR of the Bayliss’ 50 kHz Tonpilz . . . . . . .. ... .. 57

Figure 3.6 (a) Cross-sectional view of the Bayliss’ 50 kHz Tonpilz andt¢trepre-

sentation in the Matrix Model . . . . . . . . . . . . . ... ... 59

Figure 3.7 (a) The Matrix Model of Bayliss’ 50 kHz Tonpilz with (b) the repenta-

tion of a sample network element and (c) the orientation of the modeled traarsdGo

Figure 3.8 The Matrix Model and measurement results for in-water coadce of

the Bayliss'50 kHz Tonpilz . . . . . . . . . . . .. .. ... 61

Figure 3.9 The Matrix Model and measurement results for in-water TVRedB#yliss’

50kHz Tonpilz . . . . . . . 62
Figure 3.10 The FE Model of the Bayliss’ 50 kHz Tonpilz. . . . . ... .. .... 63

Figure 3.11 The steady-state pressure distribution in the water in frone @agliss’
50 kHz Tonpilz working at 50 kHz obtained by the FE Model (The valuesén th

contourlegendareinPascals) . . . . . ... ... ... ... 4 6

Figure 3.12 The FE Model and measurement results for in-water comdectd the

Bayliss' 50 kHz Tonpilz . . . . . . . . . . . . 65

XV



Figure 3.13 The FE Model and measurement results for in-water TVR d@dlykss’
50kHz Tonpilz . . . . . . . e 66

Figure 3.14 The displacement profile of the Bayliss’ 50 kHz Tonpilz opeyatir61.9

kHz (The values in the contour legend areinmeters) . . . . . ... ... ... 67.

Figure 3.15 The deformed (in color) and undeformed (in dotted lines)eshafpthe
Bayliss’ 50 kHz Tonpilz obtained with the FE model at (a) 50.4 kHz and (KRt52 68

Figure 3.16 The modeling and measurement results for in-water condeabérice

Bayliss’50kHz Tonpilz . . . . . . . . . . . . . 69

Figure 3.17 The modeling and measurement results for in-water TVR of this8a

50kHz Tonpilz . . . . . . . . 70

Figure 4.1 Schematic representation of the proposed design methodaltiyy Tonpilz-

typetransducers . . . . . . .. L 72

Figure 4.2 The axisymmetric cross-sectional view of the Tonpilz-Type drares as-

sumed throughout the sample design procedure . . . . . . .. ... ... ... 74

Figure 4.3 The source level results obtained with the Lumped-Parametéridzlec
Equivalent Circuit Model with respect to the dimensions determined in Stage |

and Stage Il . . . . .. 80

Figure 4.4 The axisymmetric cross-sectional view of the transducer, vidisbpa-
rated into network elements as numbered, and modeled with the Matrix Model in

Stage Ill of the Sample Design Procedure . . . . . .. .. .. ... ...... 81

Figure 4.5 The source level results obtained with the Matrix Model with tdpe¢he

dimensions determined in Stage lland Stage lll . . . ... ... ... ...... 83
Figure 4.6 The FE Model used in Stage IV of the sample design procedure ... . 84

Figure 4.7 The source level results obtained with the FE Model with respehbt

dimensions determined in Stage Illand Stage IV . . . . . . ... ... ... ... 85

Figure 4.8 Beam pattern of the transducer with the dimensions obtained in tiee Sta

IV of the sample design procedure determined with the FE Model . . . . . . . 86.

Figure 4.9 The SL results obtained with the FE Model for the transducetiacha

physical dimensions as showninTable4.10 . . . .. ... .. ... ... .... 88

XVi



Figure A.1 Analytical results for normalized radiation impedance of a cirqution

in a rigid bafle with respect to Helmholtz number . . . . . .. ... ... ...

Figure A.2 Geometrical representation of the finite element model build featraal

impedance analysis . . . . . ...

Figure A.3 2D (a) and 3D (b) views of a sample finite element model which isfbuilt

radiation impedance calculations . . . ... ... .. ... ... .. ...,

Figure A.4 Analytical and numericah{ = 5 & y = 10) results for normalized radia-

tion resistance and reactance betwkag O andka=10 . ... ... ... ...

Figure A.5 Absolute percent error of the numerical results for normaliaddtion

impedance with respect to the analytical results betvkeen0 andka=7r . . . .

Figure A.6 Analytical and numericahf = 1.25 &y = 40 & a = 1%/2) results for

normalized radiation resistance and reactance betk®er0 andka=10 . . . .

Figure C.1 Technical drawing of Bayliss’ 50 kHz Tonpilz’'s assembly (gtdd from

Figure C.4 Technical drawing of Bayliss’ 50 kHz Tonpilz’s stud (Adagtedn [75]) .

Figure C.5 Technical drawing of Bayliss’ 50 kHz Tonpilz’s piezoceranmg (Adapted
from[75]) . . . .

Figure C.6 Technical drawing of Bayliss’ 50 kHz Tonpilz's nut (Adapfiedn [75])

XVii

104

106

. 116



LIST OF SYMBOLS

[CS] clamped capacitance matrix/\C

[K]  stiffness matrix, Xn

[KE] short circuit stifness matrix, n

[M]  mass matrix, kg

[N] transduction coficient matrix, NV

[R] resistance matrix, Nm

Bij 1/&ij (subscripts indicate axes),

Af bandwidth of frequency response around resonarise, 1

Afs  bandwidth of source level/4

Atc  change in thickness of the piezoceramic ring due to applied electric field, m

Nea electroacousticféciency, %

nem €electromechanicalfciency, %

nma  Mechanoacoustidigciency, %

Kth tail-to-head ratio, m

A* reference wavelength, m

Am Lamé’s first parameter

Xviil



pC

Ph

Pt

tano

20]

8ij

wavelength, m

Lamé’s second parameter

angular frequency, rasl

angular natural frequency, rad

specific acoustic impedance, /N8

density, kgm?®

density of head mass, kg®

density of mass, kign®

loss tangent

angle referring to half of beam width,

Poisson’s ratio

vacuum permittivity, gmV

absolute permittivity (subscripts indicate axesh®@

displacement, m

force vector, N

displacement vector, m

charge vector, C

voltage vector, V

area, M

XiX



Acs

Co

D¢

dij

Di

DI

Ei

radius of active surface of head mass, m

area of planar surfaces of piezoceramic stack, m

area of planar surfaces of piezoceramic stack, m

active surfae area of head masg, m

susceptance, S

beam width?

elastic stifhess cofficient (subscripts indicate axes), Pa

speed of sound, /s

clamped capacitance of piezoceramic stagk/, C

free capacitance of piezoceramic stack/C

directivity factor

piezoelectric strain constant (subscripts indicate axg), C

electric displacement (subscript indicate axisn€

directivity index, dB

modulus of elasticity of piezoceramic stack, Pa

piezoelectric stress constant (subscripts indicate axgsy, C

electric field (subscript indicate axis)/m

€ reactance @absolute percent relative error of radiation reactance, %

€ resistance absolute percent relative error of radiation resistance, %

XX



Ey

fy, fo

l:bot

Fe

fflex

fn

For

fsL

Ftop

K33

modulus of elasticity, Pa

force, N

frequency, Is

frequencies of half responsesl

force applied from bottom surface, N

excitation force, N

first flexural resonance frequency of head mags, 1

force applied from inner circumferential surface, N

natural resonance frequencys 1

force applied from outer circumferential surface, N

frequency regarding peak value of source levad, 1

force applied from top surface, N

conductance, S

piezoelectric stress constant (subscripts indicate axesiNVm

piezoelectric strain constant (subscripts indicate axes), V

current, A

stiffness, Mm

wavenumber, rah

electromechanical coupling ciheient

XXi



Ks

ka

C

Mec

Me

My

stiffness of piezoceramic stack/m

stiffness of piezoceramic ring,/id

effective stitness, Mm

stiffness of glue, kn

wavenumber in radial direction, rad

stiffthness of stud, fn

wavenumber in axial direction, rad

Helmholtz number

length, m

length of piezoceramic stack, m

length of piezoceramic stack, m

effective length of stud, m

length of tail mass, m

mass, kg

mass of piezoceramic stack, kg

mass of piezoceramic stack, kg

effective mass, kg

mass of head mass, kg

radiation reactance, N8

XXii



M mass of tail mass, kg

N transduction co@cient, NV

n number of piezoceramic rings

Ne number of piezoceramic rings

Nm a constant related with mesh

p pressure, Pa

Pref  plane wave acoustic intensity, Mi?

pref  reference pressure, Pa

Prms root-mean-square pressure, Pa

Qm  mechanical quality factor

R electrical impedance, M

r distance, m

Ro electrical resistance due to cables et¢gAV

lei inner radius of piezoceramic stack, m

I'c. mean Mean radius of piezoceramic stack, m

fco outer radius of piezoceramic stack, m

resi  innerradius of piezoceramic stack, m

reso  outer radius of piezoceramic stack, m

Re effective resistance, )N#

XXiil



Mtm

It

Ih

Fi

)

It

]

Si

Sl

tc

tflex

Ti

average value af, andrp;, m

radius of rear surface of head mass, m

radiation resistance, Na

radius of active surface of head mass, m

inner radius, m

mechanical resistance, s

radius of acoustic medium that provide free field boundary condition, m

outer radius, m

radiation resistance, Na

radius of stud, m

radius of tail mass, m

elastic compliance cdicient (subscripts indicate axes)?tN

strain (subscript indicate axis)

peak value of source level, dB

time, s

thickness of piezoceramic ring, m

thickness regarding first flexural resonance frequency of head,ma

thickness of head mass, m

stress (subscript indicate axis), Pa

XXiV



TVR transmitting voltage response, dB

u velocity, m's

u* complex conjugate of velocity, f&

Uog normal velocity, nfs

Upot Velocity observed at bottom surface/an

Uh velocity of head mass,

Uir velocity observed at inner circumferential surfacgs m

Uor velocity observed at outer circumferential surfacgs m

Ums root-mean-square velocity of head masg m

Uop  Velocity observed at top surface/sn

Ut velocity of tail mass, ifs

\% voltage, V

Vdrive driving voltage, V

Wa radiated power, W

We input electrical power, W

X displacement, m

Xh displacement of head mass, m

Xm maximum distance between two connected node in mesh, m

Xr radiation reactance, {8

XXV



Xt

Z

1-D

2-D

3-D

dB

DDF

DOF

FE

Hiy

J

PZT

SDF

SL

displacement of tail mass, m

admittance, S

a constant related with mesh

mechanical impedance, s

impedance cdécient, Ngm

radiation impedance, %

one dimensional

two dimensional

three dimensional

decibel

double-degree-of-freedom

degree-of-freedom

finite element

struve function of first kind of order 1

bessel function of first kind of order O

bessel function of first kind of order 1

lead zirconate titanate

single-degree-of-freedom

source level, dB

XXVi



SPL sound pressure level, dB

Yo bessel function of second kind of order 0

Y1 bessel function of second kind of order 1

XXVii



CHAPTER 1

INTRODUCTION

1.1 Brief History of Underwater Acoustics

Aristotle pointed out that sound could be heard in water like in air [1], whichirbig the first
documented statement about underwater acoustics in the history. Aboentl8ies later, in
1490, the archetypal engineer Leonardo da Vinci wrote an outstandiolpslire about the

subject to his notebook as follows:

“If you cause your ship to stop, and place the head of a long tube in therwateplace the

outer extremity to your ear, you will hear ships at a great distance froui' \|@]

Although there were no signs of the directivity of the sound nor its sensitiviggto mismatch
between air and water media, the statement covered all the basics of madsivesonar

systems such as generation, propagation and reception of soundesnskd-noise [3].

The first handling of the theory of sound came from Sir Isaac Newtor6&7 1in hisMath-
ematical Principles of Natural PhilosopH$]. Then in 1877, Lord Rayleigh (John William
Strut) addressed deeper aspects, such as the description of sotexlmathematically, in

his bookTheory of Soungvhich is accepted as the starting point of modern acoustics [1].

Meanwhile, experiments were also being conducted. In 1743¢AbB. Nollet proved Aris-
totle’s determination and reported hearing a pistol shot, whistle, bell, andssiviih his head
underwater [1]. Another experiment, also being the first quantitative was from Daniel
Colladon and Charles Sturm who measured the speed of sound in frestwita great accu-
racy in 1826 [4]. A representative sketch of the correspondingrarpet is shown in Figure

1.1.



Figure 1.1: A representative sketch of the first quantitative experimemtdarwater acoustics

[5]

On the other hand, some inventions mainly related with transduction were lgreiagmpact
on underwater acoustics. In the 1840’s, magnetostriction was discbvgtzames Joule with
the identification of the change in dimensions of a magnetic material under a ticafigid
[6]. In 1880, it was Jacques and Pierre Curie brothers’ time for anspiextacular discovery,

piezoelectricity [7].

In addition to these experimentations and inventions, practical applicatioesstasted to be
demonstrated at about the end of"@ntury. The submarine bell was the first device which
was basically used for measuring the distance from the vessels to the lighishipg the idea
behind the experiment of Colladon and Sturm [2, 3, 4]. Underwatersticadevices working
with Leonardo’s basic idea, called SC devices, MB tubes and MV tubes @densively
used in World War |. However, self noise was a big problem with these éewvitich led to
the development of towed systems such as the U-3, which was yet anadsveplistening
device but was towed 300 to 500 ft behind instead of being mounted to stdpstach were
used through the end of World War | [3].



These passive sonar systems were pretty good at detecting soucelsssuech as submarines,
but were not sfiicient for accurate localization. A month after the tragedy of the Titanic
in 1912, L.F. Richardson filed a patent about underwater echo rangimgh marked the
beginning of active sonar history [2, 4]. In 1914, R. A. Fessendssigthed and built the
first high-power underwater electroacoustic transducer, a movihgaasducer called Bes-
senden Oscillatgrwhich can both receive and transmit acoustic signals [3, 4]. It wad use
for submarine signaling and echo ranging while having other capabilitids asidetecting
an iceberg 2 miles away and the seafloor to a depth of 186 ft [1, 2, 4].wAv&ars later,

in 1917, Langevin used the piezoelectriteet with a quartz-steel sandwich to develop the
first underwater piezoelectric transducer. After further improvemeni€18, echoes from a

submarine could be heard at a distance of 1500 m for the first time [142, 3,

During the period between World War | and World War Il, scientists weggreng to explore
the fundamental concepts of underwater sound such as propagadi@absorption. In 1919,
H. Lichte published a scientific paper, which is the first paper on undersaund, about the
bending of sound ways due to temperature and salinity gradients in sed ly&grAfter the
invention of bathythermographs in 1937, E. B. Stephenson discovezédithrnoon éect”,
which was the main reason for transducer’s mysterious unreliability due tethgerature

gradients in the water especially in the afternoons [1, 2, 3].

In the meantime, developing improved transducers were made possible biydangdn mate-
rial science. For instance, after World War |, Rochella salt replacadzjdue to its stronger
piezoelectric &ect [2, 4]. In 1944, A. R. von Hippel discovered barium titanate ceramic
which are superior to Rochelle salt. A decade later, even better piezaefgcperties were
found in lead zirconate titanate ceramics, which are still being used ex¢gnfsivunderwater

acoustic transducers [4].

In addition to the improvements in material science and a better understandiograf be-
havior under water, developments in electronics in various subjects suhlifying, pro-
cessing and displaying sonar information led to the development of vanoleswater acous-
tic systems during World War Il and afterwards. Acoustic homing torpedassistic mines,
sonobuoys, scanning sonar sets, and wake detectors are exanguiel systems that are still

being used and developed today.



1.2 Overview of Sonar Applications and Transducer Types

When compared with the other radiation forms, acoustic radiation is best $oitedder-
water use since acoustic waves provide relatively negligible levels of atienun water.
Therefore, underwater applications regarding exploration of theageaseavily dominated
with the acoustical phenomena. Hence, the engineering science ofisgpastituted by the

use of acoustical phenomena within underwater applications [2].

The termsonaris actually an acronym for “SOund Navigation And Ranging” and involves
two types which are named astive sonarand passive sonaf4]. Active sonar refers to
emitting acoustic signals and receiving their echoes reflected back framsth@fied objects
whereas passive sonar refers to only listening to the water and sensiagdbstic waves
generated by the objects inside the water. In both types, acoustic sigmaiseat mainly for
detecting and locating objects in the water. Due to their characteristic funcposjectors
which are used for emitting the acoustic signals have a leading role in actiee sgstems
whereas hydrophones which listen to the medium have the same importanssiiregonar
systems. Although most active sonar systems use the same transduaghsm@sjectors and
hydrophones due to their reciprocal transduction mechanisms, trammsdubich can only
work as hydrophones are more common in passive sonar systems du@ &pdwalized
structures for reception [4]. Active sonar systems look superior teiygenes when compar-
ing their capabilities. However, passive sonar systems also have aglvamitben operational
requirements are considered. For instance, passive sonar systemthallidentification of
targets by analyzing the noise they generate whereas the same situatioapplitzble for
active sonar systems since the received signal is not generated bygéts.taAlso, active
sonar systems possess the risk of concealing their own locations while emitbastia sig-
nals, which is never a concern for passive sonar systems. That iswnyarines mostly use
their passive sonar systems in order to remain hidden under deep saasvet they still
need active sonar systems at least for moving safely which is only pobsiloletecting and

avoiding obstacles.

According to their fields of use, sonar applications can be divided inte gmaups as naval,
civilian, and scientific. Due to the competition in defense industries especiaitygdWorld
Wars | and Il, naval investments played a large role in the advancemsaonhaf technologies

which were applied to naval applications first and then expanded to otfds. fi
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Naval sonar applications include but are not limited to anti-submarine \eatiaming tor-
pedoes, sobonuoys, acoustic mines, minesweeping sonars, suresdfahsecurity systems,
hand-held sonars, and communication systems. Anti-submarine warfees soe typically
included on surface vessels to protect against submarines. For thesspuhull-mounted and
towed sonars are mainly used. Hull-mounted sonars are capable ofrgg#mswater both
vertically and horizontally with their directional, high-power, long signals.ti@nother hand,
towed arrays are capable of eliminating the shadow zone, which occer®dhermal gra-
dients related with changes in depth and hides submarines, as they caimwock depths.
Also, towed arrays are lesffected by the self noise of the surface vessel since they are op-
erated from a considerable distance away from the surface veskeld@ging torpedoes
involve moderately high frequency sonars because of the limited availadbe smd bene-
fits regarding noise reduction and high directionality. Sonobuoys amenelgble devices that
contain hydrophones and radio transmitters and are used by aircraftaite submarines. A
representative sketch of the working principles of sonobuoys is shrofsigure 1.2. Acoustic
mines use hydrophones to initiate explosions after sensing the noisetgen®raarget ships
at a certain dominant frequency. However, this mechanism can be titigketdnesweeping
sonars which mimic the noise generated by potential targets of the mine in orsharetohe

actual targets against explosions [2].

Explosive
charge

Figure 1.2: A representative sketch of the working principles of sooyb(P]



In addition to the naval applications, civilian and scientific sonar applicatss have a
significant share in underwater acoustics. Some of the devices usedhrapplications
are bottom profilers, side scanners, fish finders, position markedgrwater telephones,
remotely operated vehicle sonars, unmanned underwater vehicle doioanass estimators,

speedometers, ocean temperature sensors, and water wave measdestoes [2].

Sonar applications have a wide range of frequency ranging fromtdbélz up to over 1
MHz. Either as hydrophones or projectors, the transducers arealignesed in numbers
up to 1000 or more as a group to form a planar, cylindrical, or sphericay alepending
on the operational requirements in order to enhance the capabilities avaiiéble single
transducer [4]. Pictures of a hull-mounted cylindrical array and a stibeapherical array

which both consist of Tonpilz-type transducers are shown in Figure 1.2.

In addition to the Tonpilz-type transducers, various types of undenaatarstic transducers
are also available. Transducers which can be used as projectorspacallyyalso as hy-

drophones can be divided into 5 groups with respect to their shapesakohg principles

as ring and spherical transducers, piston transducers, transmisgidratisducers, flexten-
sional transducers, and flexural transducers. On the other hansidtrcers which can only be
used as hydrophones can be divided into 4 groups as cylindricalpduedical hydrophones,
planar hydrophones, bender hydrophones, and vector hydneph@®mong all these types,

Tonpilz-type transducers are the most commonly used in underwateitiasqds
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Figure 1.3: Pictures of (a) a hull-mounted cylindrical array and (b) ansuime spherical
array which both consist of Tonpilz-type transducers [4]



1.3 Basics of Underwater Acoustics

Acoustic waves can be described as the passage of pressure fluduhtiough an elas-
tic medium as the result of vibrational excitation imparted to the medium from amstco
source. In addition to the source and medium, there should also be rs¢csireh as a hu-
man ear, microphones etc., to sense the pressure fluctuations which paetlhised for
various purposes. Hence, acoustics can be referred to as the $tadgustic waves and
its various &ects. Therefore, the scope of acoustics is very wide, ranging frowfafuen-

tal physical acoustics to bioacoustics and psychoacoustics, and dlsgeisitechnical fields
such as noise control, sound recording and reproduction, desigmoéx halls, and finally

transducer technology. [8, 9]

Acoustic waves are principally longitudinal waves in which the direction ofpidugicle os-
cillation are in parallel with the direction of the wave propogation [8]. Theaees, which
refer to the periodic fluctuations of pressure around the thermodynamildoeigm pressure
along the direction of the wave propogation, can be defined in terms of #we ¢haracteris-
tics frequency, wavelength, and pressure amplitude. Frequénmfers to the total number
of fluctuations of the pressure per unit time. Its representation in radiaa#iesl the angular

frequencyw, and is expressed as follows:

w = 2rf (1.1)

The wavelengthl, depends on the propogation velocity of the acoustic wave, also called the
sonic speed;, which is a characteristic property of the medium. Although it is a function of
temperature, pressure, and some other properties, the sonic speddrimsvegproximately
1500 mis whereas in air it is around 343/sn The sonic speed inside solids can also be

approximated with the following expression [8]:

C= 4|— (1.2)

whereEy andp are the modulus of elasticity and density of the solid medium, respectively.
Once the sonic speed is known, the wavelength for the wave propogatiaeadily be found
in terms of the frequency as follows:

Cc



Wavelength is the distance between the location of maximum pressure for hgeagive
waves at any given instant. As related with the wavelength, the (angu&gnumberk, is

also extensively used in underwater acoustics and is expressed asfollo

k== (1.4)

The last characteristic of acoustic waves, pressure amplitude of oscillist@mmonly pre-
sented in deciBel, dB, units which indicate their pressure levels with retpecteference
value instead of their actual values. DeciBel units, literally referring totenth of the sel-
dom used unit Bel, are especially useful in handling large values. Tunelgaressure level,
S PL, which can be calculated at any location in the medium subjected to acougiimgaro
tion, is defined as follows:

SPL= 1010g| Pins | - Prms
- 1010g| Pr2| 20 g P 15)
re

ref

The reference pressurgyes, equals to 2QuPa in air acoustics, which is the threshold of
audibility. However, in underwater acoustigger is defined as JuPa since audibility is
usually not a concern as well as being not applicable for the wholedrexyuange considered
[10].

The simplest acoustic waves are a key concept in acoustics and camdideced as the
plane waves. In plane waves, at any given instant all acoustic vagialble a common
amplitude and phase at all points on any given plane perpendicular to dwialir of the
wave propogation. The intensity of plane waves, which correspondtestc energy per
unit area and is commonly used in underwater acoustics, can be expassetows:

2
I, = Prms (1.6)
oC

wherepc is called as the specific or characteristic acoustic impedance of the medium, which
correspond to the ratio between pressure and particle velocity in plareswiavunderwater
acoustics, approximately 3500 times higher specific acoustic impedance iséreal than

in air acoustics. Therefore, underwater acoustic transducers mabtd& work under sig-
nificantly higher stress levels. Also, environmental conditions are much ohaléenging in
underwater acoustics due to corrosion, temperature extremes, andebsfact. Therefore,
rugged structures and transduction mechanisms must be considered edigeinlg under-

water acoustic transducers [11].



1.4 Piezoelectricity

The wordpiezoelectricitys derived from the combination of the Greek wongdigzoor piezein
meaning “to press, to squeeze”, agldctric or elektronmeaning “amber”, an ancient gem-
stone which generates negative electrical charge when rubbedTig]term was first used
by Hankel in 1881 [13], a year after the discovery of the piezoelectreanpmenon by the
Curie brothers [14]. Further information about the discovery and lyistpiezoelectricity is

available in the literature [15, 16, 17].

As the name implies, piezoelectricity can simply be described as “electricity lspyme

[18]. More formally, piezoelectricity is a phenomenon which addresseprtrtional de-
velopment of electrical displacement under the influence of mechanies$sir certain mate-
rials, called piezoelectric materials [19]. Energy conversion due to dexzoeity is named

as the piezoelectridkect and is divided into two groups, named as the direct piezoelectric ef-
fect and the converse (indirect, inverse) piezoelecfiiece In the direct piezoelectridtect,
electric charge and voltage is generated by application of mechanica atrégpressure. In
the converse piezoelectrid¢fect, mechanical strain and displacement is obtained due to an
applied electric field and voltage. A sketch of the direct and conversegiezric éfects are
shown in Figure 1.4. Up to a certain level of applied electric field or mechbsiiess that
depends on the material properties, piezoelecffeces are linear and also reciprocals of each

other [4, 20].

GENERATOR MOTOR

Direct Effect { Converse Effect |

Figure 1.4: A sketch of the direct and converse piezoeleciigcts [16]



The piezoelectricféects depend on the direction of the applied electric field and mechanical
stress as well as the polarization direction of the piezoelectric material. Fanges when an
electric field parallel to the polarization axis is applied to a piezoelectric bamisiehanges
considerably only if it is polarized parallel to its length. Polarization is thegssof aligning
the randomly oriented electric dipoles in ferroelectric materials to make theml uséérms
of piezoelectricity [4]. This is achieved by applying a strong electric field torttaterial
near the Curie temperature, where polarization is easier due to temperabuwevet, above
the Curie temperature polarization is impossible, since electric dipoles caamtbipu-
lated and become randomly oriented throughout the material. Thereftee pafarization,
operating conditions around the Curie temperature must be avoided, nnat® lose the
material’s piezoelectric properties. In addition, high static pressure cydligg alternating
electric fields, and aging alsdfact polarization adversely [4]. Some naturally polarized non-
ferroelectric materials, such as quartz and wurtzite, which cannot bazeslananually and
also do not have problems due to the loss of polarization, also exhibit jeeno@properties.
Although they have excellent stability, better piezoelectricfitcients can be achieved with
their ferroelectric counterparts [21]. For this reason, after the SEWorld War quartz lost
its dominance in sonar applications to piezoelectric ceramics, also called asri@mnics,
which are still the most widely used materials in underwater transducer ddgigf0]. In
addition to having better piezoelectric properties, piezoceramics are gleda@uto natural
piezoelectric crystals such as quartz, Rochelle salt, lithium sulphate etcmisiaétow cost,
flexibility in size, and ease of manufacturability and reproducibility [20]. l& pmoduction
of piezoceramics, firstly, randomly oriented crystallites are sintered tagkyhkeing sub-
jected to a high temperature. At this stage, the piezoeledtiects at the micro level cancel
each other out at the macro level due to randomness, leading them tolégsuaderms of
piezoelectricity. Therefore, polarization is the second and probably tlseimportant stage
of production, as it allows the ceramic to attain its piezoelectric propertiesngtire polar-
ization stage, maintaining the ceramic at a high electric field (such as friVnay lead to
dielectric breakdowns due to internal flaws in the material whose probabititgases with
thickness. Therefore, thicknesses in the polarization axis more than 1Gemmotacommon
[20]. Due to their brittle nature, piezoceramics are unreliable under ten3ibarefore, it
is necessary to keep piezoceramics under compression and avoidisghjleem to tensile
stresses [22]. Also, to decrease the risk of depolarization, a gooaitleimb is not to

exceed 75% of the Curie temperature after polarization [23].
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At the end of the Second World War, the first piezoceramics, which wasedon barium ti-
tanate (BaTi@) compositions, were discovered and used in various underwater aplca
Then, these barium titanate based piezoceramics became obsolete afiecdkierg of lead
zirconate titanate (PZT) based piezoceramics in 1954. Of all the ceramidaistBZT ce-
ramics are the most commonly used due to their high electro-mechanical cogpiitadple
quality factor, and good frequency-temperature characteristics P4J. ceramics are also
one of the most studied piezoceramic materials due to their widespread appl&gas in
science, industry, medicine, communications, transformation, and inforntatbnologies.
However, the use of pure PZT is quite rare. Instead various composafdP&T with dif-
ferent dopants and additives to achieve certain properties are more coamdcavailable
commercially [25]. For instance, a composition called PZT-4, which is clagsifieNavy
Type |, has resistance to depoling at high electric field or mechanicas$ stoeslitions, mak-
ing it suitable for high-power applications. In constrast, PZT-5A (NaypeTll) has better

charge sensitivity but cannot withstand high electric fields [26].

Mathematical representation of piezoelectric relations involves numeraitsopoand time
dependent parameters defined in tensor form, which can be countstias;S; stress,T;
electric displacemenD); and electric fieldE. These parameters depend on each other and
the following material constants: elasticfBtess cofficient,c; elastic compliance cdkcient,

s, piezoelectric cofficients,d, e, g, h; and dielectric constantg, . These cofficients are
material specific and the manner in which they vary with temperature charntesaterial.
However, it is reasonable to assume adiabatic working conditions [2 d@utdingly, define

the governing matrix equations of piezoelectric materials as follows:

o . t

s| =[] || +[d [¢ )

L 11x6 ! 6x6 1x6 3x6 1x3

D| = d] [T] + el [E]

L 11x3 L 16x3 1x6 3x3 1x3

- . - -t r

T| = cE] [S] —[e E] (1.8)

L 11x6 L 6x6 1x6 13x6 L 11x3

O], = [eluolS]e * 1, |E]

L 11x3 L 16x3 1x6 13x3 L 11x3

- . - _t _

S| = SD] [T] +[g D] (1.9

L 11x6 L 6x3 1x6 13x6 L 11x3
Lol

_E_ 1x3 [g]GXS |:T:|1X6 [’8 3x3 D 1x3
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Here subscripts represent the dimensions of the matrices, capital lettes&tpts represent
the parameters kept constant while measuring the correspondififciergs, and the super-
script, t, represents the transpose of the corresponding matrix. All 4 sets ef dlgestions
are identical and are obtained by manipulating thefftment matrices. Therefore, one may
choose a set of equations according to a given application that regeitasn independent

variables.

As can be noted in Equations (1.7-1.10), piezoelectrid¢tanent matrices can be expressed
in 4 different ways. However, since they all represent the same piezoelecipierfes, they
can be converted into each other. Mathematical representations of thegeients can be

expressed as follows:

0S oD oT oD
a=(5). = (). =[5, =(3), -

oof3) e GEL(E

where T, E, S, or D are held constant while taking partial derivatives &f, T, or E, respec-
tively. Although the number of cdicients looks large when the dimensions of the matrices
presented in Equations (1.7-1.10) are considered, only 10 of theceerts are independent

for permanently polarized electrostrictive materials, such as PZT cera#jicd herefore,
most of the cofficients are either zero or identical to each other, which can be seen in the

expanded form of Equation 1.7 as follows:

s [$£ & £ 0 0 0 0 0 dylln
S| s, s5 s, 0 0 0 0 0 dul|Te
Ss| |s5 s &5, 0 0 0 0 0 dsf|Ts
S4/ {0 O O s 0 0 0 dis 0]|Tq
Ss{=|0 0 0 0 s, 0 ds 0 O|Ts (1.12)
S| {0 0 O O O s 0 0 O0f|Te
Dif |0 0O 0 0 dis 0 ¢, 0 O||E
Df |0 0 0 ds O O 0 &, 0||E
D3| [da1 dsp dgz O O 0 O 0 eL|Es




1.5 Overview of Tonpilz-Type Transducers

As an improvement to their ancestors, 42 years after the invention of Lemgansduc-
ers, Tonpilz-type transducers were invented in 1959 in their currentlyt stgte by Harry B.
Miller [28, 29]. A picture of that invention in a disassembled state for bettebility of
its constituents is shown in Figure 1.5 [28]. In contrast with the expectatiptiaatime,
Tonpilz-type transducers are currently the most widely used sonacprmgealue to their sim-
plicity, good performance, and low cost [30, 31]. In addition to their esitenuse in naval
sonar systems for more than 50 years, Tonpilz-type transducers arasad in industrial
applications such as acoustic ranging devices and ultrasonic cleaBgr§t@ wordTonpilz
which is a combination of two German words meaning “sound” and “mushroisrattributed
to these types of transducers due to their characteristic shape involvigyg piston head and

a slender driving portion behind the piston head [4, 33].

Like most of the other piston type transducers, Tonpilz-type transdpogject sound in one
direction and are suitable for assembling in large close-packed soags #t 34]. When the
superior capability of Tonpilz-type transducers in generating high sicqumver by compact
means is used within sonar arrays, it is possible to obtain high intensity arg tiggctional

acoustic waves which is extremely important in most sonar applications [4, 35]

Regarding their drive mechanisms, Tonpilz-type transducers can ioedinto two groups
as magnetostrictive and piezoelectric. Although their magnetostrictive cpaniecan tier
better performance in certain situations [4, 36], the ones with Navy Typkllpezoceramics

are much more common and are considered in the present work.

Figure 1.5: A picture of the first Tonpilz-type transducer built like in its entrstate with a
disassembled presence for better visibility of its constituents [28]
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Tonpilz-type transducers essentially consist of a 33-mode drivengeeamic stack squeezed
between a head mass and a tail mass by means of a stud [4, 20, 37]. Tysredion allows
the structure to have a longitudinal resonance at low to midrange freiggsebetween 1-50
kHz, without requiring an excessively long piezoceramic stack [4, 2Ghough resonance
frequency is avoided in most mechanical engineering designs due tocdispat amplifi-
cation, it is favorable in underwater acoustic transducers for the samerrevhich leads to
higher sound pressure levels in the acoustic medium. A 3-D cross-séskeieh of a typical
Tonpilz-type transducer is shown in Figure 1.6 with its main parts identified [ Hddition,

a more detailed 2-D cross-sectional sketch of a typical Tonpilz-typeduaes taken from a

different source is shown in Figure 1.7 also with its parts identified [4].

The fundamental motion of the Tonpilz-type transducers is provided thrappglication of an
alternating voltage to the piezoceramic rings that in turn leads to conseclatingagons and
contractions of the structure in the axial direction at the frequency ofggpkeal voltage as a
result of the piezoelectricfiect. Hence, these alternating displacements of the piezoceramic
stack are transmitted to the acoustic medium through the rubber boot cotrerihgad mass
and ultimately result in pressure fluctuations called acoustic waves in the v@&itere the
amplitude of the alternating displacements of the structure and hence thesessadre level

in the water is magnified at resonance, it is favorable to run these trarsdtlose to their

resonance frequencies by applying the alternating voltage accordingly.

Boot

1 Head mass

\ P Tie rod

Ceramic “J-
tube .
Ceramic
" tube
/ Housing

Tail mass -~

Figure 1.6: A 3-D cross-sectional sketch of a typical Tonpilz-type ttaosr [11]
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Figure 1.7: A detailed 2-D cross-sectional sketch of a typical Tonpile-tsgnsducer [4]

The piezoceramic stack can be considered as the most important part Tirtpidz-type
transducers as it is responsible for the generation of motion. The a@uysiiger obtained
from the transducer is directly proportional with the volume of the piezodierangs exist-
ing in the stack [4]. A configuration of the 33-mode piezoceramic rings thatishanically
in series and electrically in parallel allows the application of the alternating wtigagr the
electrodes cemented on the parallel surfaces of the piezoceramic h@v[2 As a practi-
cal requirement of this configuration, the consecutive piezoceramis nmgt have opposite
polarization directions as shown in Figure 1.7. In addition to the cements aritbeles, elec-
trical insulators, which can also be used for tuning the resonanceeineguo an extent in
addition to their essential use for prohibiting the contact of piezoceramis vitit the head
mass and tail mass, are the other passive elements in the piezoceramic s pdssive
elements degrade the electromechanical couplinffic@nt of the Tonpilz-type transducers
[4]. That is why the number of piezoceramic rings forming the stack shaulept as low as
possible. For the same reason, in some designs, electrical insulatot ased, which as a

result turns the head mass and tail mass into electrical ground.

The head mass has a critical importance in Tonpilz-type transducers asttydiakes the role
of initiating the acoustic radiation. When the rubber boot is omitted, the suirfaoentact
with the acoustic medium of the head mass can be called as the active stitfeceansducer.
The active surface usually has a geometrical shape of either a circkjoase depending on

the operational purposes of the transducer. In order to obtain as ncoclste power as
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possible from the transducer, the area and the amplitude of the displaceonsral to the
acoustic medium of the active surface must be maximized. Therefore, éldentess should
be as light as possible to increase the displacement amplitude and also as \pinEsihle

to provide good acoustic matching with the water. However, decreasingitkadss while
increasing the area lowers the flexural resonance frequency ottiterhass, where half of
the active surface moves out of phase with the other half, resulting in easpibnse in terms
of acoustic radiation [4]. On the other hand, the ratio of the masses of thedasg to the
head mass has a tremendotfe& on the acoustic radiation. In the ideal case where the tall
mass has an infinite mass, the sound pressure level generated becobhes6edhan the
case where the masses of the head mass and tail mass are equal to aadls athesult of
the diferent velocities encountered by the head mass in both cases [4]. intordave a
lighter mass and also push the frequency of the flexural mode of the hesscamay from the
fundamental frequency of the transducer, a portion of the head massabyutapered away
from the center to the edge which results in a characteristic conical sbagefhead mass.
With respect to the requirements, the material selected for the head mak$steria low
density while also having a high ftiess. Aluminium is commonly used for the head mass

as it satisfies these conditions.

The stud, which is also referred to as the stress rod or tie rod, has arketyoh in addition
to keeping the transducer parts together. Since the piezoceramics aediaie under ten-
sile stresses, the stud prevents this situation by applying a steady cowpisssss on the
piezoceramics higher than the peak alternating stress occurring due faptleglalternating
voltage [38, 39]. Therefore, the piezoceramics always work reliabtieticompression with
the stud. This compressivéfect is provided by means of a nut behind the tail mass. Instead
of the nut and stud couple, a bolt can also be used as shown in Figur@Herstud also
degrades the motion of the transducer to an extent as it clamps the pierincstiack. There-
fore, the stud must have as low astess as possible to minimize this degradifig@ while
also having as high an ultimate tensile strength as possible to provide the steaglessive
stress and also resist against fatigue failure which would occur due édténeating stresses.

Hence, high strength steels are commonly used as the material for the stud [4]

The tail mass can be seen as the least important part when compared witivibegy intro-
duced ones as its almost only function is being a counter weight to the head IHasgever,

it still has an influence on the resonance frequency of the transdiecrease the radiated
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power and bandwidth of the transducer, the mass of the tail mass showddgeaas pos-
sible. Hence, the material selected for the tail mass must have a high densitistp this
need with a reasonable volume. Steel is commonly used as the material for thagail For

high frequency designs where the volume needs to be small, tungsten iseds@

In addition to the core parts of the Tonpilz-type transducers introducegtaictice several
supplementary parts are also required in order to realize the functionihg thnsducer. For
instance, the housing is needed for protecting the core parts againstpigtsical damage,
and shock while also preventing a probable acoustical short circuielketthe head mass and
the other core parts of the transducer as it isolates every part exeepedld mass from the
water [4, 11]. Also, the vibrating core assembly is located in the housinthelideal case,
the core assembly should only be in contact with the water in order not to alisspergy
needlessly. This ideal case is approximated with the use of pressuffasaigion materials
such as foam rubber as shown in Figure 1.7. Depending on the opeatat@mrditions of the
transducer, the mounting may involve rigid connections as well from therhead, tail mass
or even the piezoceramic stack [4]. However, in such kind of mountingsfiilsiency of the
transducer is prone to degradation. The acoustically transparergrrobbt in front of the
head mass is mainly used to protect the head mass against corrosion\art preress of
water into the housing. Depending on the material used for the rubbentoiot) is usually
neoprene, butyl rubber or urethane [4, 33], and its thickness, thestcal properties of the
transducer such as the bandwidth change. Although the inifialemcy of the transducer
may not be high depending on the material and assembly details, the transftia@ncy can
decrease even further with the use of rubber boot since it restricts thenment of the head
mass to an extent. Any air pockets between the rubber boot and the acfasesof the head
mass must be avoided as it would reduce the acoustic loading and henadigted power of
the transducer [4]. As the last supplementary parts, a water-pronéctor and a transformer,
which is also referred to as the electrical matching circuit, are required imdhpilz-type
transducers. Actually, it is possible to run the transducer without the matchricuit but it
may not be electrically feasible. Thus, the matching circuit is involved in thiglésr both
adjusting the voltage supplied to the transducer and matching the electricabinyesdf the
transducer and the electrical source. Since the occurrence of thiesigmtary parts show
significant diterences depending on the operational needs, these parts are siceoeh

while modeling Tonpilz-type transducers throughout the present work.
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1.5.1 Performance Metrics of Tonpilz-type Transducers

The three most important performance metrics of the Tonpilz-type transdamethe reso-
nance frequency, source level and bandwidth [40, 41]. Among thieseesonance frequency
is usually the only performance characteristic that needs to exactly matchgiuyndequire-
ments [20]. The conductance response of the transducer is the masler@iidicator of the
resonance frequency. The conductance, being an electrical tennibes be defined with
Ohm’s Law as follows:

I:%:VY:V(GHB) (1.13)

wherel is the currentV is the voltageR is the impedanceY is the admittanceG is the
conductance, an® is the susceptance. Therefore, the conductance is the real part of the
reciprocal of the impedance. It directly reflects the motional characteristite transducer.
Hence, the frequency where the peak value for the conductancescomuesponds to the
resonance frequency of the transducer [20]. Although the reserfaequency addresses the
largest motional response, peak sound pressure level in the watatghby the transducer
may not be at the resonance frequency due to the frequency depe¢adas &ecting the
sound pressure level, namely, thil@ency and the directionality of the transducer. There
are two dficiencies applicable to electroacoustic transducers, namely, the electameath
and mechanoacoustic¢hieiencies. The overallfgciency of the transducer is the product of
these éiciencies and is named as the electroacoufficiency,rea. In addition to frequency,

the electroacousticfigciency is also dependent on the physical conditions of the transducer,
which are dfficult to quantify. More detailed information regarding thfé@ency terms for

the Tonpilz-type transducers is given in Section 2.2.

On the other hand, the directionality of an electroacoustic transducerecquantified with

two closely related but flierent terms named as the directivity index and beam width. The
acoustic axis of the transducer should be defined before introducisg téens. To reiterate,
the surface in-contact with the acoustic medium of the head mass can betballactive
surface of the transducer from which the acoustic radiation initiates. Xieenvich is nor-

mal to the active surface and passes through its center point is calletbiia@xis of the
transducer. The directivity factoBD¢, of a transducer corresponds to the ratio of the trans-
mitted acoustic intensity of the transducer along its acoustic axis to the intensity wbidd

occur at the acoustic axis if the transducer was a monopole and radiatisgntteeamount of

18



acoustic power [20]. The directivity inde|, is simply the dB-scale representation of the di-
rectivity factor. For simple geometries, analytical representations foritbetidity factor are
available under certain assumptions. The formulation for the directivity faéta Tonpilz-
type transducer with a circular active surface vibrating in a rigttl®avith the assumption of
uniform oscillation velocity is as follows [4]:

(ka)®

P = A3k

(1.14)

wherek is the wavenumber ardlis the radius of the circular active surface considered. Once
the directivity factor is known, the directivity index can readily be found vtfith following
expression:

DI = 10log(D+) (1.15)

After the definitions of theféiciency and directivity index, one can determine the sound pres-
sure level generated in the water with respect to the input electrical p@eto the trans-
ducer. The sound pressure level can be represented by two terordiagcto the working
conditions of the transducer. These terms are the transmitting voltage sesgorR, and
the source level, SL. Both represent the dB-scale ratio of the intensitg aicthustic axis 1

m away from the active surface generated by the transducer to theitytefnan ideal plane
wave leading to a pressure ofuPa at the same point [20]. However, the alternating voltage
applied to the transducer must have a magnitude of 1 volt for the TVR whéneee is no
such limit for the SL. Hence, the SL can be defined in terms of the TVR dépgiod the
linearity of the response of the transducer under varying driving veltadgie TVR can be
expressed in terms of thdheiency, directivity index, and input electrical power as follows

by using Equation 1.6 and assuming= 1.5 x 10° kg nT2 s7* for water [20]:

TVR= 10|og[(pcw—e/4§) + DI + 1010g(es)
(1uPg
We
TVR= 10 |og(l Watt) + DI + 10l0g(es) + 1708 dB (1.16)

To reiterate, the input electrical pow&¥,, must be calculated for a driving voltage of 1 volt
in Equation 1.16. The SL should be considered fdifedént driving voltagesVgrive. The SL

is expressed in terms of the TVR depending on the linearity of the transdsi¢ellows:

SL=TVR+ 20 Iog(m)

1.17
1 volt ( )
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Instead of using Equations 1.16 - 1.17, a more accurate féectige way of determining the
TVR or SL is directly measuring the pressure 1 m away from the transaucis acoustic
axis and then calculating the dB-scale ratio of the corresponding intensitytheitimtensity
regarding the reference frequencyuBa. Such an approach is also applicable for the FE

analysis in which the acoustic medium is modeled.

Although it is safe and practically easy to measure the TVR due to the low gnxdtiage,
the same is not valid for the SL due to physical limitations. In other wordsyandrvoltage
beyond the physical limits can either not be realized or does not result iexgrected SL
values. Therefore, the SL at the driving limits of the transducer is a bettasure of the
performance when compared to the TVR as it reflects the capabilities of tiszltreer bet-
ter. The limitations for the SL, also called as the power limitations, can be divideddar
groups as electrical, mechanical, thermal and acoustic. Electrical longakar depoling of
the piezoceramics is the possible electrical limitations to the driving voltage [28¢hani-
cal limitations include the failure of the piezoceramic stack or the stud due to theadite
stresses with respect to the driving voltage during operation. The heaéolganisms within
the transducer, such as those due to the dielectric and hysteresis lodsepiezoceramics,
and frictional and other kinds of mechanical losses within the transdoaerresult in the
piezoceramic reaching the Curie temperature for the piezoceramics, wadhtte depolar-
ization, above a certain driving voltage. Lastly, even though the trapsaan safely work
without sufering from the previously explained limitations, acoustic radiation may not be at
the expected levels due to the cavitational limits of the acoustic medium. In othds wbr
the transducer tries to generate the acoustic power which correspondsatoptitude of the
alternating pressure in the water being higher than the hydrostatic pre#isertransducer
basically fails to generate that much acoustic power and instead wastesiladlavpower
by making water vapor bubbles in the water. In short, the power limitations éofahpilz-
type transducers must be considered while designing such transduaeter not to face

unexpected results.

Hence, the peak value and the bandwidth for the maximum SL with respect pmwer
limitations can be considered as the most important performance metrics ofrtpézTiype
transducers after the resonance frequency. The bandwidth of ther&isponds to the abso-
lute difference between the frequencies at which the values of the SL are 3gidesthe

peak value of the SL.
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In addition to the three most important performance metrics, beam width, wisishhe sec-

ond term mentioned related with the directionality of the transducer, can algochiéical
importance depending on the operational requirements. Beam width is eatlBrseasure

of angular response of the transducer in which the intensity measureé aodhbstic axis of

the transducer is correlated with the intensities measured on the other agbsavenot nor-

mal to the active surface but pass through the center of the activesulghen a spherical
coordinate system, in which the center of the active surface is placed atding is consid-
ered, the beam pattern of the transducer can be obtained by correlatiiag field intensities
measured for points on axes havinffelient inclination and azimuth angles than the acoustic
axis with the intensity obtained on the acoustic axis at the same radial distdtioeugh the
beam pattern has a 3-D representation, for transducers having axisyogeemetries a 2-D
representation is slicient. Such a beam pattern is shown in Figure 4.8. When the acoustic
axis is considered to have (hclination and azimuth angles, the beam width is determined
considering the inclination and azimuth angles of the axes whose points @Shieve 3 dB

less intensity than the measurement point on the acoustic axis. Hence,dheet#erence

of the corresponding inclination and azimuth angles is the beam width. Fomaxistric
transducers, the flerences in inclination and azimuth angles are equal to each other. There-
fore, determining the beam pattern for constant inclination anglé &t €fficient to obtain

the 3-D beam pattern of the transducer just by rotating the existing 2-D patiern around

the acoustic axis.

Hence, although the directivity index and beam width are both related withrénaidnality
of the transducer, their definitions are completelffedent. However, a narrow beam width
corresponds to a high directivity index and a wide beam width corresgoradlow directivity
index. Depending on the operational requirements, directivity index aigestransducer
may not be sfiiciently high. In such cases, an array consisting of a number of traesslisc

commonly used to boost the directivity index as well as the SL.

In this section, only the performance metrics considered throughoutélsemrwork is intro-
duced. For instance, the electromechanical couplinfictmt is not considered even though
it is a good indicator of performance. In addition, although the Tonpilz-tygresducers are
able to operate both as a projector and a receiver, performance melatesiwith the receiv-
ing characteristics, such as the receiving voltage sensitivity, are netdsyed. Information

related with these performance metrics and other metrics is available in the liegrgtan].
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1.5.2 Survey of Studies Regarding Tonpilz-Type Transducers

Due to the large number of design parameters involved in Tonpilz-type treess] finding
a balanced optimum among these parameters with respect to the performauicements
is not an easy task [11]. Also, the influences of the design parametdr® grerformance
metrics are not independent of each other [40]. Even worse, thendesjgirements usually
contradict with each other [33]. For instance, providing both a high $Laanide bandwidth
is probably the greatest challenge in Tonpilz-type transducer desigthedsther hand, de-
sign constraints and physical limitations further increase tfiedities in design procedures.
For example, lowering the mass of the head mass by decreasing its thickgesstbigher
SL without sacrificing the beam width appears logical but it may lead to arééxnode
of the head mass around the fundamental resonance frequency dadriteducer that would
completely ruin the design. As another example, increasing the mass of thegailmaader
to get a higher SL and a wider bandwidth leads to a heavier transducer udually is not
favorable [4]. In addition to overcoming all these challenges, all the dgmgameters exist-
ing in the Tonpilz-type transducers must be in harmony to satisfy the most impdesaign
requirement, the fundamental resonance frequency. Hence, altholmypéz-type trans-
ducer looks simple as it is only an assembly of a few basic parts, seekirgiamum among

numerous contradictory requirements and conditions make design preseguy hard.

The studies regarding Tonpilz-type transducers are mostly about iotngdoew methods
for improving certain performance metrics, especially the bandwidth. Amocig studies,
an improvement in the bandwidth by using a special geometry of the head malséng a
cavity inside is presented by Chhigt al. [35]. A similar method involving a hole in the
active surface of the head mass for improving the bandwidth is introducedping et al.
[31]. In parallel, Saijyolet al. [34] investigate a Tonpilz-type transducer with a head mass
involving a hollow section inside and a bending piezoelectric resonator disks active
surface to improve the bandwidth. In the study of Broseaal. [29], a higher SL and a
wider bandwidth are achieved by using a piezoelectric material manufdolitie a new
technique. In the studies of Rat al. [40] and Peiet al. [41], piezocomposite stacks with
the modes 2-2 and 1-3, respectively, are used as the active matettad fame Tonpilz-type
transducer instead of the same-sized piezoceramic stacks and improvamntsotts the SL

and bandwidth are observed. The danger of the flexural mode of #terhass is turned into
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a benefit by widening the bandwidth by fine tuning the frequency of therféxnode with
respect to the fundamental resonance frequency in the studies ofrkéaukl. [42], Yaoet al.
[30], and Rajapan [43] for the Tonpilz-type transducer havirfgdint sizes and fundamental
resonance frequencies. Lastly, Crombruggel. [44] show a method for increasing the
bandwidth for the Tonpilz-type transducers by using up to thré&ereint matching layers

with different thicknesses and material properties between the head mass and wate

Although few in number, dierent optimization techniques used with particular parametric
models of Tonpilz-type transducers are introduced in some studies. TyestMicCammon

et al. [33] involves a technique called nonlinear goal programming, which is usedpfi-
mizing various properties involving the resonance frequency, the leagththe weight of
the transducer. The same optimization technique is also used within the stutynabi@gge

et al. [44]. Another optimization techniqgue named as statistical multiple regressionsanaly
method is used within the studies of both Retral. [40], Peiet al. [41], and Chhithet al.

[35] for maximizing the TVR without sacrificing the bandwidth through optimizatibthe

dimensional parameters of the Tonpilz-type transducers considerechrsiealy.

In each mentioned study, only a single modeling technique is used for degifpripilz-type
transducers. Finite element modeling has the biggest share among all tHengntatniques
[30, 35, 40, 41, 42, 43]. Also, a considerable number of the studiedvend-D distributed
models of the Tonpilz-type transducers [31, 33, 34, 44]. These modethgitpies are usu-
ally validated with experiments [30, 31, 33, 34, 42, 43]. On the other hariga few studies
introduce improvements to existing modeling techniques, such as the study eft ldinj45]
about a new simulation technique for FE models. Also, the studies otilanal. [46] and

lula et al. [47] brought two unique 2-D distributed models to the literature.

Even though various modeling techniques are usedffardint studies, only a single study is
spotted in the literature that compares the accuraciesfigireint modeling techniques. The
study conducted by Tergg al. [48] investigates the accuracies of just a 1-D distributed model
and a FE model with respect to experimental measurements. Another gapliterduere

is related with studies showing design approaches for the Tonpilz-typsdireers. In this
respect, the study of Chegt al. [37] is unique, which describes a method for designing the
transducer from scratch, but only with a limited accuracy since the agpaay involves a

lumped-parameter model.
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1.6 Thesis Overview

1.6.1 Objectives

The main purpose of the present work is to fill a gap in the literature by grayalsystematic
design approach for the Tonpilz-type transducers which are exéysiged in underwater
acoustic applications. Objectives considered in order to fulfill or sughermain purpose

are listed from the most to the least important as follows:

e Propose a methodology for designing Tonpilz-type transducers whiolvews/the sys-

tematic use of four dierent types of validated analytical and numerical models;
e Verify the validity of the proposed methodology with a sample design proeedur

e Evaluate the accuracies of the models used throughout the methodologgsy#tt to
the experimental results available in the literature and make a comparison béheee

models;

e Constitute an original finite element model of the Tonpilz-type transducerbkufta

parametric studies;
e Validate the acoustic field in the finite element model;

e Combine the principle equations available in the literature regarding the Tdgpé#z-
transducers for building an original analytical model of the Tonpilz-typedducers

suitable for parametric studies;

¢ Build two analytical models available in the literature in accordance with parametric

studies;

¢ Identify the key points and important issues which can be encountereddesiigning

Tonpilz-type transducers;

e Suggest possible improvements to the proposed methodology.
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1.6.2 Scope

Due to the interdisciplinary nature of the Tonpilz-type transducer which gwslunderwater
acoustics, structural mechanics, electronics, material sciences, tharamoids and so on, the
boundaries of the present work must be clearly defined to avoid gettihgitbén the details

of any discipline.

The methodology introduced with the present work is only applicable to Tehypk trans-
ducers which have transduction mechanisms based on piezoelectricigditiom, only the

projector characteristics of the Tonpilz-type transducers are coesider

Since the main purpose of the present work is to propose a design metipd@ious com-
plexities within common Tonpilz-type transducers are simplified as much as [goadibe

still capturing the significant characteristics of such transducers. ditiewl, the sample de-
sign procedure conducted using the methodology is kept as simple asl@a@ssibis pre-
sented only for illustrative purposes. Lastly, since the models used in the@dobblgy are
adapted from models available in the literature and the development of thesdsnwdot

the primary novel contribution of the present work, the basic principlesach model are

discussed but for brevity the reader is referred to the literature foilsleta

1.6.3 Organization

In Chapter 1, the Tonpilz-type transducers are identified and discafisedhtroducing gen-

eral information about underwater acoustics and piezoelectricity.

In Chapter 2, four dferent models for the Tonpilz-type transducers are introduced and refe

ences are provided for readers interested in learning about the déthiése models.

In Chapter 3, the models introduced in Chapter 2 are benchmarked witctésgxperimen-

tal data and their performances are compared with each other.

In Chapter 4, the proposed design methology for the Tonpilz-type tragsslare introduced

and a sample design procedure is conducted with respect to the methodology

In Chapter 5, the benefits and weaknesses of the methodology aresédcarsd possible

ways for improving the methodology are discussed.
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CHAPTER 2

MODELING TECHNIQUES

2.1 Simple Lumped-Parameter Model

Lumped models are the simplest ones for modeling electroacoustic trarsdatteough it

is possible to increase the level of detail by increasing the degreedbireof these models,
these more complex models may not produce more accurate results due taridamental
nature which ignores important details and contain significant approximdtoriee sake

of simplicity. However, lumped models are still very useful as a starting poitraimsducer
design and they mayfi@r results appropriate for use in more advanced models. Essentially,
lumped models rely on the assumption of having physical components of tisduicaT with
dimensions less than one quarter of the wavelength in the correspondingaimaitin the
frequency band of interest. In the most basic lumped model of a Tonpizttgpsducer, the
device is analogous to the simple mass-spring system shown in Figure 2.is.dndlogy, the
head mass is analogous to an ideal rigid mass whereas the piezoceramis sigalogous

to an ideal massless spring. The other transducer parts such as tailpmeastess stud,
insulators, glues etc. are basically ignored. Although the driving foftieectransducerf-e,

and the energy dissipation elemeRg, are drawn in the figure, they may be neglected in the

so-called simplest lumped model.

In this section, a lumped model is developed by combining similar models available in th
literature [4, 20]. The aim of this model is to provide the rough dimensions efthin
transducer parts based on an inputted resonant frequency andgitiémd-ine tuning of the
dimensions, and hence the final design, can be made using more detaildd predented in

the following sections. Therefore, accuracy is not critical for this model.
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Figure 2.1: Sketch of a single-degree-of-freedom mass-springsyste

In Figure 2.1,K¢ is an ideal massless spring elemeRd,is an ideal massless damping or
resistance elemeni/le is an ideal rigid mass anHe is an excitation to the system. This
system has a single-degree-of-freedom, hereafter referred RS conciseness, since it
consists of a single mass which only has a translational degree-obfrealbng the x-axis.

The equation of motion for the system is written as follows:

d?x dx
Me gz + Reg + Kex = Fe (2.1)
du
Me-p- + Reti+ Kefudt = Fe (2.2)

whereu = dx/dt. When the impedance analogy between the mechanical terms and the elec-
trical terms are considered with respect to Equation 2.2, it is possible tessxfie SDF
mass-spring system shown in Figure 2.1 with the electrical equivalenttshown in Figure
2.2. Mechanical terms with their electrical analogues in the impedance ara®gown in

Table 2.1.

M,
Y
u
1/K,
— ;Re
il
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Figure 2.2: Electrical equivalent circuit of the single-degree-oédmm mass-spring system
shown in Figure 2.1
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Table 2.1: Mechanical Terms with Their Electrical Analogues in the ImpedAnalogy

| Mechanical Terms | Electrical Analogues

Force \oltage
Velocity Current
Mass Inductance
Damper Resistance
Compliance (iStiffness) Capacitance

Angular natural frequencyy,, and natural frequencyf,, for the SDF mass-spring system

shown in Figure 2.1 can be expressed as follows:

[ Ke
wWn = me (23)

fo= On 1 JKe

2~ 2\ M. (2.4)

The displacement response of the SDF mass-spring system shown ie Eigyor the spring-
controlled, damper-controlled and mass-controlled conditions of the exoifatiguencyw,

are as follows, respectively [49]:

Fel .

X = (—e)SInwt [w < wn] (2.5)
Ke
Fecoswnt

_ _ 2.6

R [ = ol 26)
F .

X = MeZ)z sinwt [w > wn] (2.7)

When the amplitudes of displacements are considered, the amplitude at ther a@gonance
frequency can be expressed in terms of the amplitude well-below resonamg Equations

2.3 and 2.6 as follows:

Xw=w, = = - = — == =|— 2.8

Mlo=an Rewn Re w2 R Ko \Ke) Re Ke Qm 28
M

Qm = —w;e e 2.9)

whereQn, is called themechanical quality factoor the mechanical storage factd#]. In
addition to its definition as an amplification factor for displacement at reserfaeguency,
Qm has another definition related with the bandwidth of the frequency respbnsgonance.

It can be formulated as follows:
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Qm (2.10)

where f; and f, are the frequencies where the frequency response is half the vatue &
sponse at the resonance frequency. Therefofas the bandwidth of the frequency response

around resonance.

The advantage of this modeling technique is that it can explicitly provide dimensiothe
main transducer parts with respect to a set of required performanametars. However,
with the mass-spring model shown in Figure 2.1, only the dimensions of thenhassland
piezoceramic stack can be given. With a littl€oet, it can also be possible to obtain rough
dimensions for the tail mass while still using the same mass-spring model. For thisspua
double-degree-of-freedom, hereafter referred to as DDF fariseness, mass-spring system,
which has the head mass and tail mass as separate masses, can be tis=tr@ddiced into

a SDF system with a few approximations, in order to use the equationsdiérivbe simpler

case. The corresponding DDF mass-spring system is shown in Figure 2.3

___________ »Xh .}Xt
/] K,
/ R, —\N\VN—
/] 1] M M,
/ _II h SN <
/ F F
/

Figure 2.3: Sketch of the double-degree-of-freedom mass-spristgray including head
mass,Mp, and tail massiVl;, separately

The equations of motion for the DDF mass-spring system shown in FigureaB.Be ex-

pressed as follows:

dth dxn dun
Mh—7 = Fe+ (¢ = xp)Ke =R Mn—r =Fe+ Kef(ut —up)dt - Ryuy  (2.11)

d?x du
EX_ E - (- K MG = ~Fe—Ke [ (- u)et (2.12)

Ut Yot

The electrical equivalent circuit of the DDF mass-spring system withesjo Equations

2.11 and 2.12 is shown in Figure 2.4.
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Figure 2.4: Electrical equivalent circuit of the double-degree-eédiom mass-spring system
shown in Figure 2.3

In Figure 2.3, the terniR, represents the radiation resistance (See Appendix A for further
information about radiation impedance) due to the interaction between thentessdand
the acoustic medium. There is no such term for the tail mass since acoustitoradia
the acoustic medium occurs only from the head mass and the tail mass vibraiiesriim a
pressure release environment which provides negligible loss resistarmapilz transducers.
The electrical equivalent circuit of the DDF mass-spring system caarected into the SDF
electrical equivalent circuit shown in Figure 2.2 with the approximatin< w(Mp + My)
[4]. Then, the &ective massMe, and the &ective damperR,, shown in Figure 2.1 can be
expressed as follows:

. MM Rn

- ORI I 2.13
©7 Mp+ M R (1+ Mp/My)? (213)

According to Equation 2.13, the definitions @f, andwy, represented in Equations 2.9 and

2.3, respectively, can be expanded as follows:

Om = wnMe _  ( MnM¢ | [(Mn + My)?
" Re "\ My + M MZR,
_ Ko.s(Mh + Mt)O.s [ MnMi(Mp + Mt)] _ (KoMp,)05 (1+ %)1.5 014
L MM MERy Ry M, :
_ M + Mt
“n = Ke( Mn M ) (2.15)

In addition to Equations 2.14 and 2.15, the tail-to-head mass katjds used to solve for the
three unknownsKe, My, and M.
kth = Mt/Mp (2.16)
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Typically the designer has some freedom in specifying the tail-to-head rassAny value
between 1 and 10 is reasonable [20], and typical values range beBvaed 4 [4]. The
value basically represents the ratio of the vibration velocities of the head tmaise tail
mass. Hence, the higher the tail-to-head mass ratio, the higher the vibraaityef the
head mass, which results in higher radiated acoustic power. Howewse alrertain value,

weight might be a concern depending on the design constraints.

Hence, the unknownke, My, and M; can be found by solving Equations 2.14 - 2.16, si-
multaneously. However, radiation resistanBg, has to be known before solving Equation
2.14. In order to fixR,, the shape and active surface dimensions of the head mass have to
be determined first, and subsequently the radiation resistance can ke Ttneshape of the
active surface of the head mass is often determined based on the applidatietransducer.

For instance, for a circular shaped head mass vibrating in a ridgite vaith a certain reso-
nance frequency and active surface diameter, Figure A.1, whichsstih@analytical results

for a circular piston in a rigid kfle, can be used to find the radiation resistance. Based on
the operational scenarios of the transducer, the shape of the aafi@eesaf the head mass
can be found. For instance, square-shaped head masses are popuiay applications for
maximizing the active surface of the array by closely packing the actifacas of the head
masses. Circular or custom shaped head masses are used to achiegeatheAlso, di-
rectivity requirements of the transducer must be considered while detegrir@rshape and
the dimensions of the active surface of the head mass. The beam widirenegnt of the
transducer can be used to find the necessary dimensions of the adtae ©f the head mass
with respect to a pre-defined resonance frequency. For instameecircular piston vibrating

in a rigid bdile, the following formulation can be used to determine the beam width of the
transducer [4]:

. ek J,(kasing)
= jockwpa’
P(r. 0) = jpckwa r  kasing

(2.17)

where, 8 is the angle relative to the acoustic axis of the transducer of the point wiere
pressure calculation is made, in the acoustic mediuisthe distance between the point in
the medium and the acoustic center of the transduges, the normal velocity of the piston
with respect to the mediunk,is the wavenumbean is the radius of the circular piston, apd
andc are the density and the sonic speed of the acoustic medium, respectithbrelis no
directivity requirement, the dimension of the active surface can be detatmwitierespect to

the radiation resistance. Basically, the higher the radiation resistancegttes the acoustic
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power transmitted to the acoustic medium. To reiterate, while determining a dimension it
should be noted that the dimensions of the transducers parts should b¢Hawene quarter
of the wavelength in the corresponding material for lumped modeling. Themlithensions

can be fine-tuned to any value needed by design requirements with mamcadvmodels.

At this level of modeling, avoiding complex shapes for the transducer igdoest. Therefore,
the geometric definition of the head mass can be completed with the addition ofasctan
its active surface dimensions. However, to define the thickness, the rhatpdaas to be
determined first. For high acoustic radiated power, a head mass with lowtweligtive to
the tail mass is needed. Therefore, materials with low density such as alumirgoytiiuin
alloy AlBeMet, and magnesium with densities of 270Qrkg; 2100 kgm?, 1770 kgmd,
respectively, can be selected [4]. Hence, after selecting the materitilj¢keess of the head

massty, can be found with the following expression:

th = Mn/Anon (2.18)

where Ay, is the area of the active surface gnglis the density of the material of the head
mass. However, the thickness determined using Equation 2.18 needs tolbaigher than
the thickness which would result with the flexural mode of the head masshvehéxplained
in detail in Section 3.4. The formulation for the first flexural resonaneguency of the head
mass in terms of its radiug, sonic speed;, and Poisson'’s ratia, is as follows [4]:

16&:tf lex

fllex = ———
42 J1- 2

The flexural mode of the head mass must be at a significantly higher fregilean the

(2.19)

resonance frequency of the transducer in order not to influencenicédn of the transducer
based on its longitudinal mode. If the thickness determined using Equatiors208r than

the one required in Equation 2.19, Equations 2.14 - 2.16 must be reiteratbe imknowns

Ke, Mp, andM; with a lower radius for the head mass. After the material and thickness of the
head mass are defined, the dimensions of the piezoceramic stack areFoanhdhe material

of the piezoceramics has to be selected. After selecting the material, knowingltie ofKe,
which is equal to the dfiness of the piezoceramic stack in this model, one can find the ratio
between the ared, and lengthl., of the piezoceramic stack as follows:

_EA A _ Ke
IC IC EC

Ke (2.20)
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On the other hand, a practical value for the ratio of area of the actifaceuto area of

piezoceramic stackd,/Ac, can be taken as [4]:

An/Ac =5 (2.21)

Hence, the length and area of the piezoceramic stack can be found ugiagidas 2.20 and
2.21. Only the inner and outer radii of the piezoceramic stack are leftowrknThe inner and
outer radii are assumed to scale with respect to a mean radius, which isddefth respect
to the active surface, in a way that vibration of the piezoceramic stack kdeakt chance
to excite the flexural modes of the head mass. For this purpose, the mass) ragean is

defined as follows:

femean= VAn/4r (2.22)

Hence, the inner radiusg j, and the outer radiusg o, are found as follows:

Ac=nm [(rc,mean"‘ Are)? = (fc.mean— Arc)z] (2.23)
lco = Femeant Afc (2.24)
lci = fe.mean— Alc (2.25)

The dimensions of the tail mass are the remaining outputs of this method. Wheareaimp
with the head mass and the piezoceramic stack, the tail mass may be conssdbessimplest
element in a Tonpilz-type transducer since it is not involved in acoustictiawligke the head
mass or in a drive mechanism like the piezoceramic stack. It is there just va@erthe
required mass. Its geometry is modeled as a cylinder, which has a radiusihraoithe outer
radius of the piezoceramic stack and less than one quarter of the wabhelatigrespect to
its material. Therefore, the material for the tail mass should also be seledted tefining
its dimensions. In order to reduce its volume, a material with high density susteelsand
tungsten should be used for the tail mass. After defining the ragjud the material of the
tail mass, the last dimension left, namely the length of the tail ntas$s found as follows:

My

2
Pl

I = (2.26)

wherep is the density of the material selected for the tail mass.
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2.2 Lumped-Parameter Electrical Equivalent Circuit Model

Electrical equivalent circuits are powerful tools for gaining insight inowlorking principles
of acoustic transducers as well as for designing acoustic transdaaaadain specifications.
Different electrical equivalent circuits withffirent levels of detail can be built for the same
transducer. This modeling technique of electromechanical transduaetselen studied for
a long time and such models have been available in the literature for more thamndeadf
tury [50, 51, 52, 53]. Since the focus of this research is on develapufgsign methodology
for Tonpilz-type transducers rather than on developing novel modelaigigues, and since
many very good equivalent circuit models already exist in the existing literatu novel
equivalent circuit model is not developed for this work. Rather the mbge&3herman and
Butler [4] is used, which is introduced in this section. The investigated modeided on
the lumped-parameter representation of the transducer parts as ideaknssings, and
dampers. The basis for this model is exactly the same as the one in the Simpled-umpe
Parameter Model introduced in Section 2.1. However, a few additionalduaer parts are
included in this model, such as the stud, the mass of the piezoceramic stadkeaglde
between the piezoceramic rings. Also, several electrical terms are iddluttee model. The
schematic representation of the modeled transducer is shown in Figure fZe5eldctrical
equivalent circuit adapted from Sherman and Butler is depicted in Figére The model
requires the physical dimensions and the material constants of the trangduts as the in-
puts. Depending on these inputs, various outputs including electrical adeeitiaid radiated
acoustic power can be attained. The electrical equivalent circuit caolbed with the aid
of electrical circuit software in the frequency domain. Hence, the faqu response of the
transducer can be obtained accordingly.

Piezoceramic

LU, Rings ',
— ., Glue (K) —
Sud (k) ®
Tail Head
Mass Mass
2 2
RS e R O
(C) |1 (C)

Figure 2.5: Schematic view of the modeled transducer (Adapted from [4])
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Figure 2.6: Electrical equivalent circuit of the transducer shown infeigb (Adapted from

[4])

The termN is called theransduction cogicientor transformation ratig4, 20]. It defines the
relationship between the applied electrical voltageand the force generatel, due to this
voltage. Itis mathematically represented\as F/V. It has to be defined in terms of material
constants and dimensional parameters in order to be used in the equoradaittshown in
Figure 2.6. Such a definition for the lumped and 1-D case can be desieglthhe definition

of dsz in Equation (1.11) as follows:

N = E _ KCAtc _ (Ac/tcs?%)(st;) B S Ac B d33Ac

- - = — = 2.27
V= e B B Sk 220

whereE is the electric field applied through the thickneSss the strain through the thickness,
K¢ is the short-circuit (EO) stiffness,t; is thicknessAt; is change in thickness due to the
applied electric field, ané is the cross-sectional area of the piezoceramic rings constituting

the stack.

The termsR, and M, in Figure 2.6 represent the radiation resistance and reactance,-respec
tively. They are functions of both the wavelength and the geometricabstfape transducer.

For this level of modeling, in which the vibration velocity of the head mass isnasguo be
uniform, simple analytical representations of these terms can be usedf thes@models is
introduced in Appendix A.2. However, in reality, the velocity of the head rdasgates from

uniformity based on the mode shapes of the transducer.

The termsMy, M;, and M, represent the masses of the head mass, the tail mass, and the
piezoceramic stack, respectively. As depicted in Figure 2.6, the mass pfeh@ceramic

stack is divided into two parts and attached to both the head mass and the taiithassies
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connections. Also, the radiation impedance tefRnsand M, are connected serially to the
head mass since the acoustic radiation to the medium is achieved by meansezdhmadss.

In other words, the same velocity of vibratiom,, is applicable to the head mass and the
radiation impedance terms. The anti-phase motions of the head mass and thetaikmae
seen with the directions of the currentsandu; (the velocity of vibration of the tail mass) in
the equivalent circuit. Also, the parallel arrangement of the tdvipeand M; means that the

forces acting on the head mass and the tail mass are equal to each other.

The termsKs, Kcs, andKq represent the dtnesses of the stud, piezoceramic stack (when
E=0), and glue between the piezoceramic rings, respectively. The saaagament of the
terms YKs and YK in the equivalent circuit means that the displacements of the ideal
springs representing the stud and the piezoceramic stack are equah totleac Inherently,

the forces required for these displacements are proportional with thetondemof their sti-
nesses. In other and mechanically more meaningful words, a portionfoirteegenerated by
the piezoelectricfect is used to ensure the same displacement for the stud as for the piezo-
ceramic stack. Therefore, thef&r the stud, the more force required for its displacement.
That is why the sftness of the stud should be kept as low as possible in order nfietd the
motion of the transducer adversely. Typical values for the t&tigKs range between 5 and

15 [20]. After the part of the force used for the motions of the stud angdigmelectric stack,

the remaining force left from the piezoelectrifext equals to the force required to displace
the glue as well as the total force required for the inertias of the masseagdihdon loading,

and the loads due to mechanical dissipation during the acoustic radiation.

The term,Cy, is defined as thelamped capacitanceln this definition,clampedrefers to
the condition in which the strain parallel to the applied electric field is kept conatazero.

In other words, the motion of the piezoceramic is restricted in the clamped candWidh

a similar approach, the free capacitanCe, can be defined as the capacitance in which the
stress at the boundaries where the electric field is applied is kept coastaato. In other
words, the motion of the piezoceramic is not restricted in the free conditicardlationship
betweerC; andCy for the lumped & 1-D case is defined as follows:

Co
g, ~1- K33 (2.28)

In Equation (2.28), the terrk is called theelectromechanical coupling cgieient It can

be defined as the ratio of the transduced mechanical energy to the ingicaleesnergy or
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vice versa [54]. Therefore, materials with higlshows better piezoelectric properties. In
the corresponding notation, subscripts refer to the correspondisgéttee directions of the
electric field and the strain in the material. The mathematical representatiotis a‘mdk§3

for the lumped & 1-D case are as follows:

n T

c, = Magle (2.29)
t

Kes= 033 (2.30)

E_T
\ S33%33

The termRy, represents the internal mechanical resistance of the transducer.alBasic
depends on the assembly details and increases with frequency [4}etiardcoustical radia-
tion, it should be as low as possible when compared with the radiation regigRantheir re-
lationship determines the mechanoacousti@iency, which typically ranges between 60%

and 90%, with the following formulation [4]:

R

Tma = R +R. (2.31)

The termRy represents the electrical resistance of the transducer due to the pamace
rings, which are electrically considered as capacitors. Thereforethié ishunt resistance of
these capacitors responsible for the electrical leakage. When themesstiue to cables etc.
are ignored, the electromechanicél@ency,remn can be directly related with this term. The

mathematical representationi§ can be expressed as follows:

Ry = (wCs tans) ™2 (2.32)

Ry andRy, are the only dissipative elements in the electrical equivalent circuit sholigime
2.6. At mechanical resonance and with the exception of the @&yl capacitive elements
in the electrical equivalent circuit tend to vanish, which leads to tfective usage of the
electrical source in terms of acoustic radiation. Even beffecgveness can be achieved by
tuning out the electrical capacitive ter@g, at resonance with a suitable electrical circuitry
located between the source and the transducer. The meanings of wapaucitidissipative
elements should not be mixed though. Capacitive elements determine the rbigtioes
tween the required and the used amounts of power drawn from the seleceas dissipative
elements, which are considered in the calculationdfofiencies, determine the relationship

between the total power used and the power used for the desired outcome.
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2.3 Matrix Model

Matrix models can be labeled as the most advanced analytical tools for tiga d@salysis
and evaluation of electroacoustic transducers. Before moving into thepiydd is better
to go over their evolution. In fact, matrix models are just simpler and easiszgeptations
of the distributed models that originate from lumped-parameter models. Lensgleothe
long rod with lengthL, and cross-sectional are, divided into sections with lengthax, as
shown in Figure 2.7(a) and assume that the diameter of the rod is very smmglaoed to its
length. Therefore, the rod can have a 1-D lumped-parameter regagsanvith ideal masses

and springs for the x-direction as shown in Figure 2.7(b).

R R R »

A

U EEEREEEE | EEEEREERER m—m— --------- L EREEEEEEE »
AX AX AX AX AX

Figure 2.7: (a) A sketch of a long rod, and (b) its 1-D lumped-paramepeesentation with
ideal masses and springs

In Figure 2.7(b),M = pAAXx is the mass of each section, ad= EyA/AXx is the stifness
of the ideal springs connecting the adjacent masses serially, whedensity ancey is the
modulus of elasticity for the rod material. Alsg,for i=[-2, 2] represents the displacements
of the corresponding masses along the x-axis. Accordingly, the equatimotion for the
lumped mass with the displacement vecigr,can be written as follows:

0%

MW = K(fl —é“o) - K(fo - f—l)

8% Ey (&1 - &0)/AX— (€0 — é-1)/AX
o2 p AX (2.33)
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If the number of sections in Figure 2.7(a) approaches to infinity, which@s@sponds to
AX — 0, one can reach to the famous 1-D wave equation, applicable for the vaublesing

Equation 2.33 as follows:
2 2
e _ 20¢
ot? X2
wherec = +/Ey/p is the sonic speed, more formally the speed of the longitudinal waves,

(2.34)

inside the rod. Hence, the wave equation is derived with an approael badumped ele-
ments. Actually, the wordistributedin the term “distributed models” symbolizes the contin-
uous distribution of ideal masses and springs all through the materialjé]g@neral solution
of the 1-D wave equation for displacement can be expressed in a conmplepislal form as
follows:

£(x 1) = Xeltorw) 4y dlocet) (2.35)

wherew is the angular frequency alkd= w/cis the Helmholtz number. The time independent
solutions for the particle velocity(x), and the forceF(x) = AEy(0¢/0X), can be expressed

with respect to Equation 2.35 as follows:

u(x) = iw [Xe ™ + Y| (2.36)

F(x) = —ikAEy | Xe ™ - Y| (2.37)

whereX andY are the constants to be determined with respect to the boundary conditions.
Hence, the relationship between the mechanical impedadcesK/u) at x =0, Zy, and at

x =L, Z,, also known as the transmission line equation, can be expressed usiatioEgu
2.36 and 2.37, as follows [4]:

_ pCA[Z_ +ipcAtankL)]

%0 PCA+iZ tankL)

(2.38)

The same relation in Equation 2.38 can be expressed in matrix form as weliia ¢drthe
forcesFg andF | and the velocitiesly andug at locationsx =0 andx =L, respectively, in the

long rod shown in Figure 2.7(a) as follows:

F Za —Zp||u
ol = 0 (2.39)
Ful | -Zaf|u
where
Zy = —ipcAcot(kL) Z, = —ipcAsin(kL)
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Hence, the 1-D matrix model of a long rod is obtained, which can also beinseder to
analyze systems including numerous such rods fiértint materials connected serially to
each other. Such serial connections of 3 long bars, for which 1-D lngde acceptable due
to suitable cross dimensions, are shown in Figure 2.8(a). Also, fdf¢esid velocitiesy, at

the boundaries are shown in Figure 2.8(b) for each bar.

— L O
FZs UZS @ er u2e
—] J«———
FSS u35 @ F3e u3e
—] ——
(6)
F1s u1s @ @ @ FSe u35
| S — ! e —

Figure 2.8: Sketches of (b) the 3 bars witlfeient materials and boundary conditions, and
(a) the assembly constituted by serial connection of these bars

As shown in Figure 2.8(b), the bars labeledIxs2, and@ have serial connections with each
other. The frequency response of the whole assembly at its two boesdaterms of the
forces and the velocities can be found by simultaneous solution of the folosgoations

regarding to both the individual bars and their boundary conditions:

Fis| |Zia —Zib||U1s Fos| |Za —2Zab||U2s Fas| |Za —Zab||Uss
Fie Zib  —Z1al||Ute Foe Zoh  —2Zoa||Uze Fze Z3h —Z3a||Use
I:1e = FZS I:2e = F3S
Ure = Uzs U2e = U3s

It is also possible to obtain matrix models for piezoelectric materials, simply byitdimg

their codficient matrix with respect to the governing equations related with piezoelectricity
In addition to the mechanical ports considered for isotropic metals, an e#qidd is also
involved in the matrix models of piezoelectric materials in order to representdh&ge
and the current. Therefore, systems comprising of both kinds of matesigls,as Tonpilz-
type transducers, can be modeled by identifying the correct boundaditioms between

connecting materials and solving the corresponding matrix equations aaigrdin
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However, for longitudinally oscillating transducers, such as TonpilzdypeD modeling can
only provide reasonable results if the lateral dimensions of the transdueéess than one
guarter of the longitudinal oscillation’s wavelength in the correspondingmakteonstituting
the transducer [55]. However, even with such conditions, radial mddbe eransducer still
affect the longitudinal modes and decrease the accuracy of 1-D modelsiddypehe radial
modes of the piezoceramic rings in Tonpilz-type transducers have a stfturgnce on the
longitudinal modes of the whole structure [56]. In addition, representingliel components
in an assembly, such as the stud being parallel to the piezoceramic stackpitz-Tgpe
transducers, is not possible with 1-D transmission line models. Ther&dgactually 2-

D axisymmetric) analytical models have been developed in order to take bathdiaéand
the longitudinal modes into account and obtain more accurate results. énagjethese 3-
D analytical models can be divided into two groups as equivalent circuiete@hd matrix
models. Actually, both kinds of these models are based on the same coufdeential wave
equations but only their representations afeéedént. The studies of Lin [57, 58, 59] and the
study of Fenget al. [60] can be shown as examples involving equivalent circuit models of
piezoelectric materials with flerent geometries. On the other hand, the studies ofdula
al. involve the first-time modeling of a transducer constituted by their 3-D matrix naddel
piezoelectric cylindrical disk [47, 61, 62]. As an improvement to thesestildies of Magic
offer 3-D matrix models of both piezoelectric and isotropic materials for the geosefrie
cylindrical ring and disk [46, 56, 63]. In this section, Matis model [56] is presented as the

representative matrix model, which is also used in the following chapters.

In Mancic’s matrix model, the piezoceramic ring is modeled as a transfer function ingdbvin
inputs which lead to 5 outputs. The model can also be considered as artefraork element.
The model is applicable to piezoceramic rings or disks polarized parallel itothiekness
direction. The inputs of the model are the forces acting on the 4 contdacesy namely top,
bottom, inner circumferential, and outer circumferential surfaces, andoltegge diference
between the planar surfaces which leads to an electric field parallel to thed¢kg: Hence,
the outputs are the velocities of the corresponding 4 contour surfadekenurrent between
the planar surfaces. In fact, the inputs and the outputs can be switchét melocities and
the currents are usually the unknowns in practice. The geometry coegilehe model with
the model parameters and dimensions are shown in Figure 2.9(a). Alsoptré rietwork

element representation of the piezoceramic ring modeled is shown in Fig(io. 2.9
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Figure 2.9: (a) Model parameters & dimensions, and (b) 5-port netelerkent representa-
tion of the piezoceramic ring subjected to the matrix model (Adapted from [56])

The model is obtained by approximate solution of two coupled wafferdntial equations,
resembling oscillations in axial and radial directions, with two orthogonakviamctions in

a cylindrical coordinate system. Therefore, only the motions in the axialadidl directions

are considered in the model, which actually makes the model 2-D. Howenseip éxial sym-
metry, it can be considered as a 3-D model despite the exclusion of thentarsioshearing
stresses, which are actually negligible in the motion of Tonpilz-type transslu€be forces
acting on the 4 contour surfaces, the voltagiedénce between the planar surfaces, the veloc-
ities and the current are assumed to be uniformly distributed over the gongiag surfaces.

In addition, electric fields in the radial and circumferential directions arentals zero since
they can be assumed negligible in these directions. Also, the material is modédiediaand
therefore without any losses. Since any output in the model is depeadeit the inputs,
the model is capable of coupling axial and radial modes. It is possible tweconumerous
network elements from their corresponding ports to mathematically reprémestructures
created by assemblingftkrent types of materials, and investigate their mechanical and elec-
trical responses. Also, acoustic impedances of the surroundingeagpbed as loads from
the corresponding ports to the modeled structures. For instance, radmtedance can be
applied as a loading from the port corresponding to the active surfaite diead mass of

a Tonpilz-type transducer, which leads to the calculations regardingticoadiation. The
mathematical representation of the matrix model for piezoceramic rings arslwlitkthe

corresponding constants are as follows:
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where,k. andk; are the wavenumbers defined with respect to the sonic speeds in the radial

and axial directions, respectively.

43



The same model is applicable for isotropic metals as well by the exclusion ofeitteical

port. Also, due to isotropy, the fiiness cofiicients,cij, can be expressed in terms of the

Lame’s codicients, A, andu, which are functions of Poisson’s ratio, and the modulus of

elasticity, Ey. Also, Helmholtz numbers for radial and longitudinal directions are the same.

The mathematical representation of the matrix model for isotropic metal ringdiskslwith

the corresponding constants are as follows:

Fir 211 Z1p 713 Z13|| Ui
For 1 Z2 223 223|| Uor

Frop| |Z13 Z3 233 Z34||Uop

|Foot| |Z13 223 Z34  Z33||Upot]

2L
71 = o {C12 — C11[1 — kri(ApJo(kri) + B1Yo(kri)]}

L
{C12 — C11[1 + kro(A2Jo(kro) + B2Yo(kro)l}

22 = o
—2nkriLc
22 = = = [Aedolkn) + BoYo(kn)]
—2nKrolc
21 = J—l [AqJo(kro) + B1Yo(Kro)]
213 = 27T!’i012 723 = 271-'.’0(:12
Jw Jw
curkn(r3 — r?) Crikn(r2 - r?)
337 Totankl) 24~ Tjosinkl)
Ci12 = C13 = 4Am C11 = C33 = Am + 2u
A = UEY _ EY
M= 1+ 0)(1-20) K= 5@+

w

yCu1/p

k=k =k, =

(2.43)

where the constant#y;, Ay, B1, andB2 are the same as the ones presented for the matrix

model of piezoelectric rings and disks.

Hence, one can model structures consisting fiedént kinds of materials connected together

either in parallel or serially, such as Tonpilz-type transducers, by iMargic's 3-D matrix

model and analyze their frequency responses accordingly.
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2.4 Finite Element Model

The finite element (FE) method has been used for solving a wide rangeyioleening and
scientific problems after its introduction by Turner et. al. in 1956 [64]. InREemethod,
approximate results are obtained numerically with respect to the governitigj géterential
equations for the problem domains subjected to general boundary cosdiis]. The fun-
damental idea on which FE method is based iglikeretizationof the problem domain into a
finite number oklementsnd then the combination of the discrete solutions for these elements
is obtained in order to achieve the solution for the whole problem [66]. heig#, analytical
approaches can onlyffer solutions, though usually exact and continuous, for problems which
involve significant simplifications and assumptions. Even a small amount ofleritygn the
problem domain can make obtaining an analytical solution extreméigut. For instance,
even though Tonpilz transducers with head masses having a squpes stttive surface have
been used extensively in underwater applications for more than haltargemo analytical
model has been published for such head masses. On the other handctagzation in the

FE method allows solution to large and complex problems by reducing them to saradler
simpler problems in a systematic manner. However, FE method can only proydexanate

solutions, with an accuracy changing in parallel with the intensity of discieiiza

The FE method consists of 3 major steps: 1) preprocessing; 2) solutid!3) gnostprocess-
ing. Preprocessing is the stage where the problem is defined in the numreexitanment.
Preprocessing mainly involves the definitions of geometry, material propegtement types
to be used for discretization, element connectivities (mesh), and bguoaladitions includ-
ing constraints and loadings with respect to the investigated problem. Bespiog can be
considered as the most important stage in FE modeling, since wrongly dpfinldéms can
only lead to incorrect results, which is best described by the pht@&sbage In, Garbage
Out” [67]. The model is ready for solution after the preprocessing. Solutitheistage where
the governing algebraic equations in matrix form for each element arsnbkseand solved
simultaneously for the unknowns, namely the degrees-of-freedom efd@heents such as dis-
placement, pressure, and voltage. Then, the derived variablesdragezlunknowns, such as
stress, and electric charge, are computed by back substitution. Ingetpmg, which is the
final stage in a FE analysis, the results obtained in the solution stage cartdat pointed,

plotted, animated, or manipulated to obtain even more information about the prdbig]

45



Rapid developments in computer technology enabled a FE method revolutite fdesign,
analysis and evaluation of electroacoustic transducers [4]. From pleespectives, the FE
method is the most powerful modeling technique available today when comwétrethe
techniques introduced in Sections 2.1 - 2.3, since it can provide more irtformthan the
other techniques. Detailed information, such as the stress distribution bimatipe analyzed
structure, is readily available within the FE solutions. In addition, structuisatte more
complex than the ones suitable for analysis with the other techniques, inclinddgglar
boundaries, can be handled with the FE method [69]. However, all tlegedits come with a
major cost that is the time required for preparation and computation. Also tiso@sdt can
be challenging to prepare a FE model realistically due to crowded strugaurables like in
the case of flextensional transducers [70]. Nevertheless, due toritBcgigt advantages, the
FE method has been used extensively for scientific and engineeringsasrin the analysis

of electroacoustic transducers, such as Tonpilz-type transdu@ 49471, 72, 73].

By its very nature, FE method can be placed somewhere between the lueuzedeper and
matrix models explained in the previous sections. In FE models, the strucingeibeesti-
gated is divided into lumped sections as shown in Figure 2.7 but unlike distfibubelels,
the number of these sections is kept at a finite level. Therefore, Figurea.be consid-
ered as a FE model which has 5 elements corresponding to 5 sections. HE thethod,
such discretization is made through a very systematic fashion by meandafsvgpes of
elements. Every element consists of a number of nodes which vary with thergle type.
All numerical calculations are based on the nodes, and the relation bethe&wmdes are
described within the governing algebraic equations of the corresponidimget depending
on the element’s type. Therefore, all the masses, loads, motions etc.sacéassd with the
nodes in a FE model. The elements and nodes of a 2-D FE model for anrgrbirgpilz
transducer are shown in Figure 2.10. The quality of element connectpétssreferred to as
the mesh, of a FE model directly determines the quality of a FE model. Complefiieyedi
results can be obtained for the same structure modeled wWitdraht meshes. Therefore, the
mesh of a FE model should be in accordance with the properties of the elamsedts order

to accurately reflect reality.

In addition to the mesh, the number of elements used in a FE model is directly reigted w
the accuracy of the solution. In general, the larger the number of elentkats|loser the

nodes in the mathematical representation of the structure, the better thgiaggtion of the
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continuum in the structure, and hence the higher the accuracy for the &&.ritowever, care
must be taken while increasing the number of elements, since an exceamigelpumber of
elements may decrease the accuracy of the model due to accumulation ofcalieors.

Additionally, the time required for computation always gets longer as the nuofileé&gEments

increases in FE models.

(@)

Figure 2.10: (a) Elements f@erent colors for dterent materials), and (b) nodes of a 2-D
finite element model for an arbitrary Tonpilz transducer

In addition to the number of elements, the accuracy of the results obtainea idiadstly
related with the accuracy of the material properties defined in a FE model [7@rrect
application of the material properties always yields wrong results. Theresgmaterial con-
stants difer with respect to the analysis type. In order to run a harmonic respoRbeses
involving a piezoacoustic transducer coupled with an acoustic medium, whilch gibject
of the present work, definitions of the isotropic metals, piezoceramics@btic medium
are needed. For the isotropic metals, three material properties, namelylusioflalasticity,
Poisson’s ratio, and density arefiscient. For the piezoceramics, fétiess matrix, piezoelec-
tric matrix, and dielectric matrix, all defined with respect to the polarization tinecare
required in addition to the density. On the other hand, the sonic speed asitydae the only
material properties required for modeling of the acoustic medium. All the mapedperties

used in the FE models presented in this work can be found in Appendix B.
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The FE model presented in this section and used in the following sections isviihilthe
FE software package ANSYS, which is also used in several studieslaediiethe literature
[42, 69, 70, 73]. A generic representation of the FE models of the Tetypk transducers
used in the present work is shown in Figure 2.11. The list of other sdtpackages capable
of modeling electroacoustic transducers include, but is not limited to, ATAAMSOL, and
PZFlex. Several types of analysis are available within these FE packiagethe investiga-
tion of Tonpilz-type tranducers, harmonic response analysis of thediaass are conducted
within ANSYS. In such an analysis, the steady-state response of thdui@@rsubjected to an
alternating voltage can be computed for the frequency band of intereste bolution stage
of the FE analysis, a combined matrix equation which includes all the goveeqingtions,
such as the equation of motion for the displacement degree-of-freddlomR)( regarding the
DOF's of each node is solved. For the harmonic response analysis]lthveing matrix equa-
tion in the sinosuidal form is solved for each node representing the isotragials within the
transducer:

|[K] - ?[M]] X} = {F) (2.44)

where K] is the stiftness matrix, [M] is the mass matrigx} is the mechanical displacement
vector, and{F} is the force vector. For the nodes representing the acoustic medium, the
governing equation is in a similar form with Equation 2.44 with the majffiedence being

that pressure and not displacement is the DOF of interest. The couplitinge dluid and
structural elements is provided within the elements located at the fluid-struicterace by
means of a coupling matrix in the numerical calculations for these nodes.dHoiettpelectric
materials, the coupling of the mechanical and electrical terms is achieved $ultitien of the

following coupled matrix equations for the corresponding DOF’s assatiaith the nodes

{{x}} _ {{F}} (.45
v Q)

where KF] is the short-circuit (E0) stiffness matrix, ] is the resistance matrix based on the

representing such materials:

[KE]+ jw[R - w?[M] —[N]
i e

acoustic radiation, [N] is the transduction eent matrix,[CS| is the clamped capacitance
matrix, {V} is the voltage vector, an@} is the charge vector [4]. More detailed information
regarding the theory of FE method is available in diverse sources in theuited5, 65, 66,
68, 74].
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Figure 2.11: A generic representation of the finite element models built fontkstigation
of Tonpilz-type transducers for the present work

Several rules, assumptions and specifications are applicable for akttimoéels built within
ANSYS throughout the present work. Since the aim is presenting a matiyyddonpilz-
type transducers with complex shapes are avoided. Only the transeaess 3-D structure
can be simulated with a 2-D axissymmetric FE model are considered. Therefbthe
element types used in the FE models are 2-D and capable of providing nogaanrs dixis-
symmetric analysis. The acoustic medium is defined by FLUID29 elements, wiviclve
pressure and displacement DOF’s. However, the displacement D@y applicable for
the nodes existing at the fluid-structure interface shown in Figure 2.l fréb-field bound-
ary condition at the outer circumference of the acoustic medium is modeletl W\DE29
elements which practically absorb the incident acoustic waves and eliminateetedtion
back through the acoustic medium. All isotropic metals except the head mabsfialed by
PLANES82 elements which provide a total of 8 nodes including mid-nodes.val grob-
lems at the fluid-structure interface due to midnodes, the head mass is mog€edKWE42
elements which only have 4 nodes. In addition to the 2 displacement DORBk&& prin-
ciple axes for all the structural nodes, elements representing the piagoce, PLANE223,
also provide a DOF for voltage. Alternating voltage is applied by means ofdaltege DOF
of the nodes existing at the planar surfaces of the piezoceramic ringsdestcbmechanical
coupling is provided by the PLANE223 elements. Lastly, as a reasonaflenpsion for
Tonpilz-type transducers, all the transducer parts are glued to eaah ldénce, one can ob-
tain direct (pressure, displacement, voltage) or derived (acoustierpelgctrical admittance)

frequency responses of Tonpilz-type transducers by the FE modadiirtted in this section.
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CHAPTER 3

VALIDATION OF MODELING TECHNIQUES

In order to test the validity of the models introduced in Chapter 2, in-water une@ents
for the Tonpilz-type transducer with 50 kHz resonance frequencsepted in the PhD dis-
sertation of Bayliss are used [75]. A photograph of the transducen fatmn Bayliss’ study,

and a view of its model built in the present work with the same viewing anglehangrsin

Figure 3.1. As mentioned in Bayliss’ dissertation, the design of the transtiatengs to J.
R. Dunn [76]. However, since the physical dimensions and the propettigne constituting
materials of the transducer are taken from Bayliss’ dissertation, the treesi$ referred to
as “Bayliss’ 50 kHz Tonpilz” throughout the present work. While modeling transducer,
slight simplifications are made in the physical dimensions. The material prapéati¢he

transducer are shown in Appendix B. All the physical dimensions with tieesponding

simplifications for the modeled transducer are presented in Appendix C.

(a) (b)

Figure 3.1: Bayliss’ 50 kHz Tonpilz: (a) real [75], and (b) model
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Of all the available measurement data in Bayliss’ dissertation, only in-wabeluctance,
and transmitting voltage response, TVR, measurements are considebehétimarking the
models built with respect to the modeling techniques introduced in Chapter?luCiance,
which is an electrical term, is probably the best metric representing the motesmeinse of
an electroacoustic transducer working under constant voltage. ondara condition, the
peaks in the conductance plot at certain frequencies correspond testhreances at these
frequencies for the transducer [20]. On the other hand, TVR resutteeanodels are also
checked, since TVR can be considered as the most important final odtpuat electroa-
coustic transducer. In order to make the figures presenting the meastidgateein Bayliss’
dissertation more useful, these figures were digitized with the softwareugadaigitizer
[77]. In-water measurement results of the conductance and TVR fdisBa50 kHz Tonpilz
are shown in Figure 3.2 and Figure 3.3, respectively [75]. The measuteresults for the
conductance look continuous due to théisiently large number of data points collected, but
TVR measurements were made only at a smaller number of frequencidgngpsith a slight
non-uniform trend in the TVR graph shown in Figure 3.3. In addition, inewmeasurement
testing conditions such as the mounting of the transducer and acoustic mediperties
contribute to the non-smooth trends of both the conductance and TVR resgessirresults.

-4

25 \ I
—— Measurement
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Figure 3.2: In-water conductance measurement results for the Baylis$is Tonpilz
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Figure 3.3: In-water TVR measurement results for the Bayliss’ 50 kHpiTon

For the in-water measurements, the transducer was put into a suitablechby®ayliss for
which only the active surface of the transducer was in contact with the.wElte electrical
components of the transducer were isolated from the water by means ofilag which
prevents the in-gress of water in to the housing. The rigitldoaondition can be assumed
when modeling the transducer due to the extended planar surface of ubmdnmear the

active surface of the transducer.

3.1 \Validation of the Simple Lumped-Parameter Model

In contrast with the other models, the Simple Lumped-Parameter Model ingdduSection

2.1 is specifically developed to yield an initial approximation of the physical dsioes for

the design of Tonpilz-type transducers based on a desired perfoeroateria. With respect

to the intended use of the model, the resonance frequdpcgnd the mechanical quality
factor, Qm, are stficient for the model to provide rough physical dimensions as outputs for
the transducer parts. Since the exact physical dimensions as well afhie@nce metrics

of the Bayliss’ 50 kHz are known, two methods can be used for testing {itityaf the
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Simple Lumped-Parameter Model. First, the desired performance metrice caedbin order

to obtain physical dimensions which can then be compared with the actual dimeoéthe
transducer. Second, the actual dimensions of the Bayliss’ 50 kHz Targpilke used with the
governing equations of the model in order to obtain the estimated performaatdes, which
can then be compared with the actual performance metrics of the transDuedo the large
number of physical dimensions and th&eliences in the geometrical shapes of the actual and
modeled transducer parts, such as the head mass which has a semigtmapeah the actual
transducer whereas it is defined as a cylinder in the model, the secoctthiienrking method

is preferred. When this second benchmarking method is used, it is alsiblead® compare
the accuracy of the model with the other models, since they all providerpeifwe metrics
with respect to the pre-defined physical dimensions and material prapeti@sce, in order
to run the Simple Lumped-Parameter Model in reverse, masses of the hegd/ineand tail
mass,M;, and stithess of the piezoceramic statdgs, are needed. The corresponding values

for the head mass and tail mass for Bayliss’ 50 kHz Tonpilz are tabulatedla 3.

Table 3.1: Data regarding the Head Mass and Tail Mass of Bayliss’ 50 kHgilE

| Transducer Part Volume [mn¥] | Density [kgm®] | Mass [kg] |

Head Mass 2826 2710 7.66E-3
Tail Mass 6567 7700 50.57E-3

Hence, the fiective mass for Bayliss’ 50 kHz Tonpilz is determined using Equation 2.13 as

follows:
_ MaMe 3
Me = Mt M. 6.651x 10~ kg

The dfective stifness Ke, is determined considering the serial arrangement of the piezoce-
ramic rings using the corresponding data in Appendices B and C as follows:

Ac

- ncS3Egtc

e =1.083x 10° N/m
wheren; corresponds to the number of piezoceramic rings in the piezoceramic btawke,
the estimated resonance frequency of the Bayliss’ 50 kHz Tonpilz witlecespthe Simple

Lumped-Parameter Model is determined using Equation 2.4 as follows:

_on_ L Ke  g4okhz

f=—N_ =
"2t " 2n N Me
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In order to determine the mechanical quality factor for the model, the radisggstance
must be known first. The radiation resistangg, at the estimated resonance frequency with
respect to the active surface radius of the Bayliss’ 50 kHz Tonpilz, witlesidering the
acoustic medium as water, is determined using Equation A.2 as follows:

J1 (2ka)
ka

R, = R4Z) =pCA(1 - ) =7649kg/s where k= 27?”

After having the radiation resistance for the corresponding resoffi@tpeency, the estimated
mechanical quality factor of the Bayliss’ 50 kHz Tonpilz with respect to the &rmpmped-

Parameter Model is determined using Equation 2.14 as follows:

KeMp)9° M
:@(“_h

15
=4.65
Rn Mt )

Qm

Since conductance is the direct indicator of the motional response of tiseltreer, the reso-
nance frequency and mechanical quality factor for the Bayliss’ 50 ldpilz are determined
with respect to the conductance measurements. The measurement and tleeL.8mped-
Parameter Model results regarding the resonance frequency andmeadtguality factor of
the Bayliss’ 50 kHz Tonpilz are presented in Table 3.2. Absolute peretative errors of the

model results with respect to the measurement are also given in Table 3.2.

Table 3.2: The Measurement and the Simple Lumped-Parameter Model Regatiding the
Resonance Frequency and Mechanical Quality Factor for the Bayliddis Tonpilz

| Performance Metric | Measurement Simulation | Relative Error [%)]|
Resonance Frequencsp) 50 kHz 64.2 kHz 28.4
Mechanical Quality Factor(y,) 2.74 4.65 69.7

Since the lateral dimensions of the Bayliss’ 50 kHz Tonpilz are comparableitwitbngi-
tudinal dimensions, the model’s relative error is as high as 28.4% with rekpéc Even
though the model contains a significant number of simplifying assumptionsrete®dQ,
is also of the correct magnitude but has a greater error tha®@verall, the accuracy of the
model for the Bayliss’ 50 kHz Tonpilz is acceptable and within expectatioinsile® accura-
cies can be expected for any Tonpilz-type transducer, and betteraamsimay be possible
for transducers having negligible lateral dimensions with respect to thejitlmtinal dimen-
sions. Therefore, the Simple Lumped-Parameter Model introduced in 8&ctican be used

as a starting point for designing Tonpilz-type transducers.
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3.2 \Validation of the Lumped-Parameter Electrical Equivalent Circuit Model

The Lumped-Parameter Electrical Equivalent Circuit Model introduce8eation 2.2 can
be used to predict both the conductance and TVR for the frequencydianterest, which
are used for benchmarking the model. Since the model is built as an eleciraat, it is
straightforward to obtain conductance results. However, certain asismspave to be made
in order to obtain TVR results. First, it is assumed that the head mass of tiselucan is
vibrating with a spatially uniform velocity, like a piston. Therefore, any flekmotion with
the head mass is neglected. Second, it is assumed that plane wave actarstityirs appli-
cable 1 m away from the transducer, which is a very reasonable assarfgatiBayliss’ 50
kHz Tonpilz. Hence, Equation 1.16 introduced in Section 1.5.1 witk100% as discussed

below is used in order to obtain the TVR results.

TVR= 10log(W,) + DI + 1708 dB (3.1)

whereW; is the radiated acoustic power in watts dbtis the directivity index. The for-
mulation of DI introduced in Equation 1.15 for the case of a cylindrical pistaliating in a
rigid baffle, which is applicable to the Bayliss’ 50 kHz Tonpilz due to the uniform velocity
assumption, can be used in Equation 3.1. The radiated acoustic powee caftblated by
the following formulation [4] using Equation A.2 for the radiation resistafgeand the cur-
rent atR:’'s branch in the electrical circuit shown in Figure 2.6 which refers to tledlagon

velocity of the head mass according to the impedance analogy:

W, = |Urms|2 R (3.2)

In order to run the model, all the parameters existing in the electrical eguiv@teuit shown

in Figure 2.6 have to be fixed first. Since it is not possible to determineffilceeacies accu-
rately, especially the mechanoacousttocgency, the model is assumed to be ideal without any
electrical or mechanical losses (i.8.5=100%). Therefore, the power dissipation is only due
to the acoustic radiation, which practically ledisandR, in Figure 2.6 to be zero. The val-
ues of the terms representing the masses of the head mass and tail masareMjcandM;,
respectively, in Figure 2.6, are taken from Table 3.1, since they argddbwith the ones used
for the validation of the Simple Lumped-Parameter Model in Section 3.1. The saratan

is also applicable for the $finess of the piezoceramic stack, thakKig = 1.083x 10° N/mas
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used in Section 3.1. The fnesses for the glue between the piezoceramic rings and the stud
are estimated dsy = 5.456x 10°N/mandKs = 6.919x 10’ N/m, respectively, with respect to

the physical dimensions in Appendix C and the material properties in App8n@imilarly,

the mass of the piezoceramic stack is estimateMas= 4.53 x 10°2 kg. The transduction

codficient for the piezoceramicsl, is determined using Equation 2.27 as follows:

d33Ac
Sl

N =

= 0.626N/V

The last parameter to be determined in Figure 2.6 is the clamped capacitanegmzbce-

ramic stackCo, which is determined by combining Equations 2.28 and 2.29 as follows:

-
_ n833AC

C

0 (1-KZ;) =3.942x 1071°F

Hence, the model is run for the frequency range [30, 70] kHz with asitepof 0.05 kHz.
The in-water conductance and TVR results of the Lumped-Parameteriédé&quivalent
Circuit Model of Bayliss’ 50 kHz Tonpilz are shown in Figures 3.4 and B25pectively, with
the measurement results. The resonance frequency and mechaaidslfgator, which are
based on the conductance results shown in Figure 3.4, are given in3Talph the absolute

percent relative errors with respect to the measured values.

x10™
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Figure 3.4: Lumped-Parameter Electrical Equivalent Circuit Model arasorement results
for in-water conductance of the Bayliss’ 50 kHz Tonpilz
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Figure 3.5: Lumped-Parameter Electrical Equivalent Circuit Model arasomement results
for in-water TVR of the Bayliss’ 50 kHz Tonpilz

According to the results, the inclusion of thefistesses of the stud and glue and the mass of
the piezoceramic stack in the model result in significantly better accurathdagstimated
resonance frequency when compared with the Simple Lumped-Parametdr ifoelreasons
for the diferences in the peak values of both conductance and TVR are due nsale&ring

the electrical and mechanical dissipation terms and assuming uniform velociiyef head
mass within the model as well as limitations in the overall capability of the model. Tifte sh
of about 2 kHz in the TVR result when compared with the conductancédt fesioth the
experiment and simulation is related to the directivity index which increases wigaéncy.
Therefore, even though the transducer has a resonance frgqate@ kHz, it provides a

better sound pressure level around 52 kHz.

Table 3.3: The Measurement and the Lumped-Parameter Electrical Emiircuit Model
Results regarding the Resonance Frequency and Mechanical Quality Fa Bayliss’ 50
kHz Tonpilz

| Performance Metric | Measurement Simulation | Relative Error [%)]|
Resonance Frequencip) 50 kHz 55.2 kHz 10.4
Mechanical Quality Factoi(y,) 2.74 4.29 56.6
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3.3 Validation of the Matrix Model

Both the in-water conductance and TVR results can be obtained with the NWaddel with
the same approach used for the Lumped-Parameter Electrical EquiGitentt Model in
Section 3.2. However, the Matrix Model is much more detailed than the Lumaeaveter
Electrical Equivalent Circuit Model since all the parts constituting the thaosr are consid-
ered with their dimensions and more detailed material properties are usedalésdéscussed
in Section 2.3, the geometry of all the transducer parts are representattwvitbrk elements
shaped as full or hollow cylinders in the Matrix Model. Then, these elemeatsannected
to each other axially, radially, or both axially and radially in order to fulfill teeibdary con-
ditions of the corresponding transducer parts. Therefore, the whawisducer is represented

with the network elements through the proper connections of the elements.

In order to connect the elements, the transducer parts which have geam&tapes other
than full or hollow cylinders also need to be represented with such stepetbnts. Such
representation is achieved either by simplifying the corresponding geosigtioethe avail-
able element geometries, or by representing these transducer parterabiaation of the

available element geometries.

For instance, the head mass of Bayliss’ 50 kHz Tonpilz has a complex ggowlgitth cannot
be represented in terms of full or hollow cylinders. Therefore, it is simglifiéo a geometry
which can be represented as a combination of a full cylinder and a holliwdey. The sim-
plification is made in a way that the total mass, thickness, and the activeesdifaensions

of the head mass are kept identical in both the actual and modeled verstbashead mass.

On the other hand, the geometry of the tail mass is represented as a combifdtionllow

cylinders with the necessary connections and without any simplification in giexMModel

of Bayliss’ 50 kHz Tonpilz. The reason for dividing the tail mass into 4 regiis to increase
the accuracy of the element connections in the model. Exactly the same ieapmticable
for representing the stud with 5 full cylinders. The cross-sectional gidhe Bayliss’ 50 kHz
Tonpilz and its representation in the Matrix Model are shown in Figure 3.@. tlmsducer
is represented with a total of 15 network elements which are labeled with tressponding

numbers shown in Figure 3.6(b).
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Figure 3.6: (a) Cross-sectional view of the Bayliss’ 50 kHz Tonpilz dn)dt$ representation

in the Matrix Model

In Figure 3.6, the thicknesses of the glue and the gap between the studilandgs are
exaggerated for easier visualization. Other than that, both the crassaséwiew and its
representation in the Matrix Model are depicted as having proportionalgdadown dimen-
sions of the Bayliss’ 50 kHz Tonpilz. The connections between the netelerkents in the
Matrix Model can be seen in Figure 3.6(b). The actual Matrix Model withctireesponding
network elements is depicted in Figure 3.7(a). To reiterate, the 5-port rieedament rep-
resentation of a piezoceramic ring that is introduced in Section 2.3 is showgureR.7(b).
Also, the orientation of the transducer as well as the correspondingjitcens network ele-

ments according to which the Matrix Model is built are shown in Figure 3.7(c).
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Figure 3.7: (a) The Matrix Model of Bayliss’ 50 kHz Tonpilz with (b) the repentation of a
sample network element and (c) the orientation of the modeled transducer

The applied voltage and radiation impedance of the acoustic medium are assubeethe
only boundary conditions for Bayliss’ 50 kHz Tonpilz in the model. Since @&lgtrfaces ex-
cept the active surface of the head mass are in-contact with air whiaelgigible acoustic
impedance when compared with water, this assumption is reasonable.oFbeadifthe ports
representing the transducer boundaries except the electrical pdhs pfezoceramic rings
and the mechanical port representing the active surface of the headamneashort-circuited,
which corresponds to a stress-free state. The radiation impedancedasaeied by the net-
work element labeled & and it is modeled using Equation A.2 which is applicable for the
case of uniform velocity of the head mass in a rigidflea Z; is connected to the network

element representing the head mass from the port which correspondsédctitreesurface.
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For the transducer parts whose geometry are modeled by full cylindehnsasuthe stud, a
value very close to zero is used as the inner diameter needed by thepood® network
element. As an improvement over the 1-D transmission line models, the ports@ thiehe
network elements labelé? andT 3 are connected to the bottom port of the network element
P2 since it reflects the physics of the transducer better. This connectiamsrtiest the sum

of the forces acting towards the top surfaces of the elements T2 and T@akteghe force
acting on the bottom surface of the elem®&2t However, such a representation cannot be
valid for all similar connections. Even though the same situation would appéer appli-
cable between the elememi®, S1, andH1 with respect to Figure 3.6, such a representation
would conflict with the physics of the transducer. Therefore, care neustken while making

the connections between the network elements.

The in-water conductance and TVR results of the Matrix Model of the Bgly8ig kHz Ton-
pilz with a step size of 0.05 kHz are shown in Figures 3.8 and 3.9, respgctiith the mea-
surement results. The resonance frequency and mechanical quetlityy fehich are based on
the conductance results shown in Figure 3.8, are given in Table 3.4 witlh$loéute percent

relative errors with respect to the measured results.
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Figure 3.8: The Matrix Model and measurement results for in-water atadce of the
Bayliss’ 50 kHz Tonpilz
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Figure 3.9: The Matrix Model and measurement results for in-water TViReoBayliss’ 50
kHz Tonpilz

According to the results shown in Figures 3.8 and 3.9, and in Table 3.4,iedetpplication

of the dimensional and material properties of the transducer leads to t@rgaeauracy in
the estimated resonance frequency despite the remaining simplifications withimotied.
This increase in accuracy can be attributed to the 2-D nature of the motlebtigders both
the axial and radial modes of the Bayliss’ 50 kHz Tonpilz, which actuallydwasparable
axial and radial dimensions. In addition, the trends of the results obtaynddebmodel
are in accordance with the measurements, except for the hifgnestices around resonance
which can be related with the ideal working conditions considered in the mHdelever, a
relatively worse accuracy is obtained for the mechanical quality factenveompared with
the models validated in the previous sections which can be related with in-despmptions

within the Matrix Model.

Table 3.4: The Measurement and the Matrix Model Results regarding thenRece Fre-
qguency and Mechanical Quality Factor for Bayliss’ 50 kHz Tonpilz

| Performance Metric | Measurement Simulation | Relative Error [%)]|
Resonance Frequencip) 50 kHz 51.5 kHz 3
Mechanical Quality Factoi(y) 2.74 6.24 127.7
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3.4 Validation of the Finite Element Model

Unlike the other models of the Bayliss’ 50 kHz presented in the previous sectioe FE
Model does not involve major geometrical simplifications. For instance, thealoshape

of the head mass and the o-ring slot on the head mass are included in thedeE Mow-
ever, the representation of the hexagonal nut as a hollow cylinder amabthexistence of the
electrodes and the narrow cylindrical hole at the tail mass for the cabtegctad to the elec-
trodes are minor simplifications implemented in the FE Model in order to ensuseraxistry.
The FE Model of Bayliss 50 kHz Tonpilz is shown in Figure 3.10. In the Bgdiferent ma-
terials are represented byffdirent colors. Also, the transducer parts and the acoustic medium
with their corresponding element types used for modeling in ANSYS arerslmwigure
3.10. As for the Matrix Model of Bayliss’ 50 kHz Tonpilz, in the FE Model th@nsducer is
assumed to be working in a rigid fiie and all of its surfaces except the one in-contact with
the acoustic medium are in-contact with a vacuum. In accordance with thertkeling
techniques introduced, the transducer parts are assumed to be rigidgctesto each other

in the FE Model.

Free-Field
Boundary

(FLUID129) Head Mass

(PLANE42)

Piezoceramic
Rings
(PLANE223)

Tail Mass
(PLANES82)

Nut
(PLANES82)

Acoustic Medium Glue Stud
(FLUID29) (PLANEB82) (PLANEB82)

Figure 3.10: The FE Model of the Bayliss’ 50 kHz Tonpilz

As for the other modeling techniques introduced in the previous sectiorisEthodel is also
capable of providing the in-water conductance and TVR results whicliseé for bench-
marking the model’s accuracy. Although the conductance result is obtaitle@xactly the
same procedure conducted in the Lumped-Parameter Electrical Equi€aienit Model and

the Matrix Model, the TVR result is obtainedfi#irently. Instead of using Equation 3.1 to

63



calculate TVR with respect to the radiated power and directivity index, TViRréctly ob-
tained by reading the already calculated pressure values of the npdesating the acoustic
medium in the FE solution. The superiority of having the acoustic medium in the ¢édeM
also provides a means for obtaining performance metrics of the transadaterd with the
acoustic medium such as beam width and directivity index. The steady-stassupe dis-
tribution in the water in front of the Bayliss’ 50 kHz Tonpilz working at 50 kHlatained
by the FE Model is shown in Figure 3.11. In the figure, the radius of thesimomedium
is increased 10 times more than the one shown in Figure 3.10 for better vitioaliahthe

pressure fluctuation generated by the transducer.

! AN

PLOTNO. 1
NODAL SOLUTION

STEP=1
SUB =400
FREQ=50000
REAL ONLY
PRES (AVG)
RSYS=0

DMX =.267E-09
SMN =-555.379
SMX =1345.76

-555.379 -139.504 276.371 692.245 1108.12
-347.441 68.4334 484.308 900.183 1345.76

Bayliss 50kHz Tonpilz

Figure 3.11: The steady-state pressure distribution in the water in fréime &ayliss’ 50 kHz
Tonpilz working at 50 kHz obtained by the FE Model (The values in the eoriemend are
in Pascals)

Hence, the in-water conductance and TVR results of the FE Model fgid8850 kHz Ton-
pilz with a step size of 0.05kHz are shown in Figures 3.12 and 3.13, resggctiith the mea-
surement results. The resonance frequency and mechanical quetlityy fehich are based on
the conductance results shown in Figure 3.12, are given in Table 3.5 witlhslodute percent

relative errors with respect to the measured results.
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Figure 3.12: The FE Model and measurement results for in-water ctarecof the Bayliss’
50 kHz Tonpilz

As expected, the most accurate results are obtained with the FE Modelttieatost realistic
nature of the FE Model when compared with the modeling techniques validatesl pmei-

ous sections. The accuracy of 0.8% for the estimated resonance feggquiémrespect to the
measurement clearly show that the FE modeling technique is appropriateddufiing res-
onance frequencies while designing Tonpilz-type transducers. Thieamieal quality factor
is also much closer to the measured value when compared with the values @btaméhe

other validated models. Although the 29.5% relative error for the mechamedity factor

may look quite high, it is expected since the dissipative terms which determinéitierey

of the transducer are not involved in the model. Therefore, such amaycwith the me-
chanical quality factor indicates a good representation of the behavidlie éransducer. It
can also be seen through the trends of the model results shown in Figl2esn8l 3.13 with
respect to the measurement results. The ideal working conditions caetsideghe model is
also the reason for the results obtained with the model being higher than tkanereant re-
sults. Even though the material properties and physical dimensions aredlekactly in the
ideal environment of the FE Model, such an ideality is not applicable forchebtransducer
due to the deficiencies involved in the production and manufacturing stges materials,

the assembly of the transducer, and the mounting of the transducer to tivgveatEhousing.
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Figure 3.13: The FE Model and measurement results for in-water TVRed@dlyliss’ 50 kHz
Tonpilz

Although the FE Model results are in good agreement with the measurensafisy@an un-
expected peak for the conductance and trough for the TVR in the FE mesiéis is noticed
at 61.9 kHz which do not exist in the measurement results. In order to igenéfreasons
for the peak and trough, the steady-state displacement profile of thelueisat 61.9 kHz,
which is also shown in Figure 3.14, is obtained within the FE Model. As is cleady & the
figure, 61.9 kHz corresponds to the longitudinal mode of the stud. Térerefome portions
of the stud undergo a displacement 3 orders of magnitude higher than piecdiments oc-
curring in the head mass, tail mass and piezoceramic stack. Since sucifieaasigamount
of energy is consumed for the motion of the stud, the transducer cafiactiwely achieve
its main function of generating acoustic waves. The reason why the peak $&@n in the

measurements should be related with the mounting details of the transducer.

Table 3.5: The Measurement and the FE Model Results for the Resoreggpeency and
Mechanical Quality Factor for the Bayliss’ 50 kHz Tonpilz

| Performance Metric | Measurement Simulation | Relative Error [%]|
Resonance Frequencsp) 50 kHz 50.4 kHz 0.8
Mechanical Quality Factoi() 2.74 3.55 29.5
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Figure 3.14: The displacement profile of the Bayliss’ 50 kHz Tonpilz dpegat 61.9 kHz
(The values in the contour legend are in meters)

Hence, in addition to their outstanding accuracies, FE models are alsdeapedpresenting
the motional behaviours of the transducers being analyzed. As a réshik oapability, the
reason for the 2 kHz shift with respect to the resonance frequencyeipdhk value of the
TVR is completely understood. In Section 3.2, the reason is hypothesizedraddbed with
the increase in the directivity index due to the increase in frequency. Ees1®ent is actually
true, especially when the head mass is assumed to be oscillating with a uniflaeityve
However, in reality the head mass cannot have a uniform velocity and THWireistly related
with the motion of the head mass. The deformed and undeformed shapedrahtticer at
the frequencies 50.4 kHz and 52 kHz are shown in Figure 3.15. As isisd¢lea figure, the
transducer undergoes a flapping mode for the head mass at 50.4 kidh,ceiresponds to
out-of-phase motion of the edges and the center of the head mass. Altexeagtions exist
[30], the flapping mode of the head mass is usually avoided in Tonpilz-typeduaers as
it reduces the average velocity of the head mass and hence causastereth TVR levels
which would possibly occur with a non-flapping head mass [78]. Thezgéwven though 50.4
kHz is the resonance frequency of the FE Model, a better TVR level isnalataat 52 kHz

due to the in-phase motion of the head mass as can be seen in Figure 3.15(b).
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Figure 3.15: The deformed (in color) and undeformed (in dotted lineseshafithe Bayliss’
50 kHz Tonpilz obtained with the FE model at (a) 50.4 kHz and (b) 52 kHz

3.5 Comparison of the Results Obtained with Diferent Modeling Techniques

For the sake of simplicity in comparing the results obtained with tfferdint modeling tech-
niques for the Bayliss’ 50 kHz Tonpilz, the in-water conductance and Té4rlts shown in
Sections 3.2 - 3.4 separately are shown together in Figures 3.16 and éspé&ctively. In
addition, the estimated resonance frequencies obtained iignatit models are presented in
Table 3.6 with the corresponding computation times and absolute perceneelairs with

respect to the measured resonance frequency.

The conductance results shown in Figure 3.16 are mainly considerecttiemidning the
estimated resonance frequencies with the corresponding models. Tis gge in good
agreement with the expectations. The accuracies in the estimated restregneacies get
better in parallel with the increase in the level of complexity within the models. Siffice
ciency is not considered in any of the models, having two or even three tiglesrivalues
for conductance is also as expected. Also, the peak conductance wltzéned with the

Lumped-Parameter Equivalent Circuit Model and the Matrix Model aneifstgntly higher
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than the measured value as shown in Figure 3.16. However, it shoulddxtthat the only
resistive term in these models is the radiation impedance which is modeled hyiagsa
uniform vibration velocity of the head mass. However, this assumption iseleduted by
the FE Model results about the motion of the head mass as shown in Figure Belrfgfore,
in order to obtain more accurate and reliable results both in terms of the pleals ead the

corresponding frequencies, FE models are suggested.
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Figure 3.16: The modeling and measurement results for in-water condaatéithe Bayliss’
50 kHz Tonpilz

However, computation times given in Table 3.6 should also be consideredoohilgaring the
accuracies of the models. For instance, while the FE Model’s accura8yiinés better than
the Lumped-Parameter Electrical Equivalent Circuit Model, its computation timleds165

times longer. This increased computational cost would be even higher feathe accuracy

for transducers which cannot be modeled axisymmetrically.

The accuracies of the TVR results obtained with thfEedént models are also as expected. All
the modeling results are higher than the measurement results due to the rkabne con-
sidered in the models. Having peak TVR values with the lumped-parameter mooiahsla
4-5 dB more than the FE Model is also related with the assumption of uniforitiatisn

velocity of the head mass as well as the lower levels of detail considered inrtiped-
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parameter models. The same situation is also applicable for conductante i@stthe other
hand, the accuracy of the FE Model is extremely good in terms of both the &stintd

the resonance center frequency of TVR and its value. The electromieahdficiency of

the Bayliss’ 50 kHz Tonpilz is reported to be 63% in the dissertation of BayliSk [This
efficiency corresponds to a 2 dB reduction in the values of TVR due to theietd@nd me-
chanical losses. Actually, theftirence between the peak values of TVR obtained by the FE
Model and measurementis also around 2 dB. Therefore, almost esatisrare obtained with
the FE Model of the Bayliss’ 50 kHz Tonpilz with respect to the measuremditis.other
modeling techniques are alsfiective in the analysis of Tonpilz-type transducers, especially

when their computation times and levels of complexity are considered.
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Figure 3.17: The modeling and measurement results for in-water TVR ofahksB’ 50 kHz
Tonpilz

Table 3.6: The Accuracies of the Models in terms of Resonance Freiggemith respect to
the Measurement and Computation Times Required by the Models

Resonance Freq. [kHz] Rel. Error [%] | Comp. Time [s]
Simple Lumped Mode 64.2 kHz 28.4 -
Equiv. Circuit Model 55.2 kHz 10.4 1.7
Matrix Model 51.5 kHz 3.0 44.7
FE Model 50.4 kHz 0.8 279.9
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CHAPTER 4

DESIGN METHODOLOGY

4.1 Statement of the Proposed Methodology

In Chapter 2, several design techniques for Tonpilz-type transslacerintroduced and then,
the validity of these techniques is confirmed in Chapter 3. Itis both statedkpedenced that
these techniques have various advantages and disadvantages teledivle other. Therefore,
a design methodology involving all these techniques in a way which maximizesivaa-a
tages while minimizing the disadvantages regarding each technigue is pidptsis section.
The computational expenses of the modeling techniques are proportidinahe/accuracies
offered by them. Depending on the complexity of the modeled transducer, théimyddeh-
niques usually fiers accuracies ranging between 1-30%. However, for the same ucamnsd
an accurate solution may take days to obtain with the FE Model whereas @xiapgte so-
lution can be obtained instantly with the Simple Lumped-Parameter Model. Theréfcs
reasonable to combine the fast-paced nature of the simpler models for andegigh with

the accuracy of the slower ones for a final design within a larger desigmoahaogy.

The schematic representation of the proposed design methodology fanrthidzRype trans-
ducers is shown in Figure 4.1. The methodology is separated into threensiedjstages
defined as definitions, initial design, and design optimization. First, the geoaiethape,
dimensional parameters and materials of the transducer are defined wihtresthe design
criteria. Then, rough dimensions regarding the design criteria are detgtwith the Simple
Lumped-Parameter Model, which cannot be done explicitly with the other mo&eillsse-
quently, in the design optimization stage, the dimensions obtained from the ysewimdels

are tuned iteratively with an optimization algorithm, by parameter sweeping withreadel,
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andor through experimental work. The methodology allows the designer to avasting
time in the infinite design domain with the accurate but slow models while looking fopan
timum. Instead, in the end, the methodology provides fairly reasonable initisds/avith the
simpler and faster models relative to the most accurate one, which ultimateig¢esdasis
for prototype experiments. However, since the level of detail within the leaderease while
approaching towards the final design, an unexpected result due to thalltapeabilities of
the previous models can occur with the current model. Therefore, thésresgarding the
parameters coming from the previous model must be checked first feasmmable results.
In case of any such situation, it is best to turn back to the previous modelfkiterate the

optimization procedure with respect to the feedback obtained from thegukast model(s).

Design Criteria

Definitions Vo v

o

Initial Design ¥
! Rough Parameters | Feedback

Lumped-Parameter Electrical f----
Equivalent Circuit Model -
7

! Tuned Parameters i Feedback

o

Design Matrix Model -
Optimizati ! . '
ptimization E Tuned Parameters i Feedback

Finite Element Model |-
¥

! Tuned Parameters | Feedback

Experiment [

Final Design

Figure 4.1: Schematic representation of the proposed design methodotatpe fdonpilz-
type transducers
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4.2 Sample Transducer Design with the Proposed Methodology

In order to illustrate the féectiveness of the proposed methodology, a sample design pro-
cedure is conducted in this section. Instead of focusing on the detailethittgs of each
modeling technique or making extended optimization runs with them, attention is ptid on
application of the proposed methodology. Also, since the proposed méblggds mainly
based on parametric studies with the models introduced in Chapter 2 and tlity wdlidese
models are already verified in Chapter 3, the sample design proceduralizefihafter ob-
taining optimum dimensions for the transducer using the FE Model with retsptet design

criteria.

4.2.1 Statement of Design Criteria

The requirements within the design criteria are kept at a minimum due to the illustrati
purposes of the sample design procedure. Nevertheless, the most mhpaitirmance
metrics of the Tonpilz-type transducers are still considered. The designa are mainly
based on the source level, SL, performance of the transducer besiymee. The primary
requirement is to have the peak value of the SL at frequencies betwe@h ddd 15.15
kHz. The secondary requirement is to have a bandwidth of 5 kHz for thé$§ the third
requirement, the peak value of the SL is required be as high as possiblenahileing less
than 204 dB. In addition to these requirements, the transducer is requite/éoa beam
width narrower than 120 For clarity, the design criteria listed with respect to the order of
priority is presented in Table 4.1. On the other hand, no constraints anedefiherefore, a
transducer with any geometrical shape resembling the Tonpilz-type trearsduithout any

physical limitations can be considered throughout the sample design preced

Table 4.1: The Design Criteria regarding the Sample Design Procedure

1. | Frequency of the Peak Sig, [kHz] | 1485< ... < 1515
2. | Bandwidth of SLAfs [kHZ] 5<..

3. | Peak SLS L, [dB] 204< ...

4. | Beam Width,BW [°] ...< 120
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4.2.2 Sample Design Procedure

Since the sample design procedure is conducted for illustrative purptheegeometrical
shape of the considered sample transducer is kept as simple as possiblg wigrlooking
the characteristic properties of the Tonpilz-type transducers. For ggstaft the transducer
parts except the head mass have geometries of either a full cylinder bowa bglinder. Also,
an axisymmetric transducer is considered due to its simplicity and ease of agjpica all
of the models introduced in Chapter 2. A few common parts for Tonpilz-typesdiers
such as insulators, rubber coating on the active surface of the head iswation materials
around the transducer, electrodes etc. are also not consideree faké of simplicity. The
axisymmetric cross-sectional view of the Tonpilz-type transducer thatsismaed through-
out the sample design procedure is shown in Figure 4.2 with the correapatichensional

design parameters.

t/2

/ /'/I r
v, 1.57,

Axisymmetry

Axis t, [

Figure 4.2: The axisymmetric cross-sectional view of the Tonpilz-Typesthacer assumed
throughout the sample design procedure

As seen in Figure 4.2, independent dimensional design parametergpate &aninimum by
defining many dimensions in terms of a few key characteristic dimensions. $tanae, in
order not to complicate the sample design procedure further, the dimensgamding the nut
are defined to be dependent on the radius of the stué)so, the gap between the stud and tail
mass is defined to be one-tenthrgf The dfective length of the studse, which corresponds
to the portion of the stud considered in thefsiss calculations in the Lumped-Parameter
Electrical Equivalent Circuit Model, equals to the sum of the lengths of teeoperamic

stack and tail mass. Also, the stud is cut right after the end of the nut ocarmhand put into
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the head mass with a depth of half the thickness of the head mass on the oth€henerm
rnt is related with the truncation of the head mass to have a semi-conical shapte jsumly
used in the FE Model and up to an extent in the Matrix Model. Brieflyt, tc, rcso, fesis s

ri, andl; are the only independent parameters considered throughout the dessgdyre.

For the transducer parts, exactly the same materials are considered aBayliss’ 50 kHz
Tonpilz due to their common use in Tonpilz-type transducers. Hence, theiahat@perties

used in the models throughout the sample design procedure are takeAgpendix B.

Since SL is the main concern in the design criteria, evaluation of the candielsitpnd con-
stituted with diferent dimensional parameters is mainly based on the SL results in each stage
of the design procedure. The SL responses are investigated fayuefrey range of [10, 20]

kHz since the desired peak frequency is 15 kHz and it is not necesséogk for a wider

range of frequencies. When calculating the SL results with the models, all limgagiarept
electrical are neglected for the sake of simplicity. However, in an actusdulgrocedure

one should also consider the cavitational, thermal, and mechanical limitatioal&dtrical
limitation is related with the maximum applied electrical field to the piezoceramic rings and
it is taken as 200 Xfinm, which is reported to be a fairly conservative limit to avoid electrical

breakdown and usually is the critical limiting factor for piezoelectric transduf20].

While searching for better parameter sets with respect to the design criteatevély using all
the models except the Simple Lumped-Parameter Model in the sample desigdyean
optimization algorithm is not considered for the sake of simplicity. Instead,ithertsional
parameters are swept within the defined range with a defined numberloftva points
in each model. Although parameter sweep is easier to perform, it takes sigtiificnore
time to reach the same results when compared with optimization algorithms. Tieertbir
number of parameters and their evaluations points with the parameter svoeepsted in

the sample design procedure are limited as much as possible.

The sample design procedure, which corresponds to the Initial DesigDesign Optimiza-
tion Stages in the Design Methodology in Figure 4.1, is separated into 4 stageskéoit
easier to follow. In each stage, dfdrent modeling technique is used. The sample design
procedure starts with the Simple Lumped-Parameter Model in Stage | and éhdbeviFE
Model in Stage IV. The other modeling techniques are considered witkeesptheir orders

shown in Figure 4.1 in the intermediate stages.
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4.2.2.1 Stagel

Stage | starts with determining the radius of the active surface of the head iz deter-
mination is based on the assumption of uniform oscillation velocity for the heasl ohdse
transducer which is also assumed to be running in a rigfiledoaUnder these assumptions,
the beam width requirement is considered first in order to find the lower limihio active

surface radiug;y. With respect to Equation 2.17, BW can be formulated as follows [4]:

'

BW = arcsir(g) (4.1)

Using Equation 4.1, the lower limit for the active surface radius is determiaét?®d mm

in order to provide a beam width narrower than 12@dth respect to the aimed resonance
frequency. The selection is based on having a maximum for the radiatistarese shown
in Figure A.1. Hence, the active surface radius is determinagl as 40.9 mm Knowing
the value of the radiation resistance and selecting the tail-to-head ratio iogduEquation
2.16 asqy = 4, the masses of the head mass and tail mass, andfthessiof the piezoceramic
stack is determined ady, = 0.23kg, M; = 0.91kg, andKe = 1.62 x 10° N/m, respectively,
by simultaneous solution of Equations 2.14 - 2.16. However, the thickndéke bkad mass,
th, determined with respect tdl, andry, using Equation 2.18 is detected as not being thick
enough after checking Equation 2.19, as the first flexural mode of e mmass occurs at
23.6 kHz which would be a risk for a transducer running at 15 kHz with redvédth of

5 kHz. Therefore, the procedure is repeated by decreasing the aciiface radius in a
controlled manner with the aim of pushing the flexural mode to 30 kHz. Adaogiyd the
parameters are determinedrgs= 35.8 mm t, = 155 mm My = 0.17 kg, M; = 0.68kg, and
Ke = 1.21x 10° N/mwith respect to the Simple Lumped-Parameter Model.

Therefore, the other dimensions of the transducer parts can now lrenaetd. First, the
cross-sectional area of the piezoceramic stack is determinig as805mn? with respect to
Equation 2.21. Second, the length of the piezoceramic stack is determihgda43.1 mm
using Equation 2.20. Then, the inner and outer radii of the piezoceraricatadetermined
asresi = 143mmandreso = 21.5mm respectively, using Equations 2.22 - 2.25. Finally, the
radius and length of the tail mass are determined using Equation 2.26, with tloé laaving
their values as small as possible while being smaller thyd@nin the corresponding material

of the tail mass, ag = 24.1 mmandl; = 482 mm respectively.
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For clarity, all the dimensions determined in this stage of the design procedimg the
Simple Lumped-Parameter Model are presented in Table 4.2. It shouldéxe that all the
dimensions obey the assumption of the Simple Lumped-Parameter Model thaterstbn

of the transducer part should be more thga for the corresponding part's material.

Table 4.2: The Transducer Dimensions Obtained in Stage | of the Desigaden@

| Dimensions [mm]| rn | th [ resi[reso| les | 1t | 1t |
| Stage | 35.8] 15.5] 14.3| 21.5[ 43.1| 24.1[ 48.2|
4.2.2.2 Stage ll

Stage |l of the design procedure starts with evaluating the dimensions degdrimiStage |
using the Lumped-Parameter Electrical Equivalent Circuit Model. Thezethe parameters
used in the electrical equivalent circuit shown in Figure 2.6 are calcugitadespect to the
dimensions presented in Table 4.2. Additionally, the masses of the head ndassl amass

are directly taken from Stage | &8, = 0.17 kg and M; = 0.68 kg, respectively, since their
dimensions are not involved directly in the model. On the other hand, in ordetéomine the
clamped capacitanc€p, the number and thickness of the piezoceramic rings must be known.
Since the use of piezoceramic rings which have thicknesses more than 1&mat @mmon

due to dificulties in the polarization process [20], the number of the piezoceramic igngs
selected to be 6 which leads to a thickness.@irimfor each ring. The reasons to have an even
number of rings are to have positive electrodes at the inner portions pigheceramic stack
and also to provide symmetry in the driving section of the transducer. Hémeelamped
capacitance is calculated 85 = 3.96 x 10° F by combining Equations 2.28 - 2.29. The
stiffness of the piezoceramic stack is taken directly from Stag&tas Ke = 1.21x10°N/m

and the mass of the piezoceramic stack is calculatddgs= 0.26 kg. The stithess of the
stud,Ks, is selected to have a value one-tenttiKgf as is reasonable and practical [20]. Since
an illustrative design procedure is being conducted and glue is not imcindde design,

the termKy shown in Figure 2.6 is dropped from the model. Lastly, the radiation impedance
terms,R- and M, are determined within the model in terms of frequency by using Equation
A.2 with respect to the radius of active surface determined in Stage |. Haocerding to

these parameters, the peak frequency and bandwith with respect to tles@8Lobtained
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from the model are determined &5 = 13.0kHzandAfs, = 2.9 kHz respectively. As a
result, with respect to the design criteria, the dimensions determined with the Siompje=d-
Parameter Model in Stage | provides absolute percent relative efrb3s3&o and 42% for the
peak frequency and bandwidth, respectively, when compared witlesis of the Lumped-
Parameter Electrical Equivalent Circuit Model. The thickness of pieaote rings,t;, and

the masses of the tail madsl;, and head masdvl, are subject to change to improve the
accuracies offs| andAfs with respect to the design criteria using the Lumped-Parameter
Electrical Equivalent Circuit Model. As an example, a simple illustration chpeater sweep

based on values taken from Stage | is shown in Table 4.3.

Table 4.3: The Peak Frequency, Bandwidth, and SL Obtained with VaPiatsneter Sets

Design| tc M Mp | SLy | Afsi fsL
Parameters [mn] | [kd] | [kg] | [dB] | [kHZ | [kHZ
Set#01| 54 | 0.51| 0.13| 213.1| 5.0 18.2
Set#02| 54 | 0.51| 0.17| 212.8| 3.7 16.7
Set#03| 54 | 0.51| 0.21| 212.8| 2.8 15.6
Set#04 | 54 | 0.68| 0.13| 212.1| 5.5 17.4
Set#05| 5.4 | 0.68| 0.17| 211.9| 3.9 15.9
Set#06 | 5.4 | 0.68| 0.21| 211.9| 2.9 14.8
Set#07| 5.4 | 0.85| 0.13| 211.5| 5.8 16.9
Set#08 | 5.4 | 0.85| 0.17| 211.2| 4.1 15.3
Set#09| 54 | 0.85| 0.21| 211.2| 3.0 14.3
Set#10| 7.2 | 0.51| 0.13| 211.9| 4.1 14.7
Set#11| 7.2 | 0.51|0.17| 212.1| 2.9 13.7
Set#l2| 7.2 | 051(0.21|211.4| 2.2 13.0
Set#13| 7.2 | 0.68| 0.13| 211.2| 4.2 14.0
Set#l4| 7.2 | 0.68|0.17|211.4| 29 13.0
Set#15| 7.2 | 0.68| 0.21| 211.6| 2.2 12.3
Set#16| 7.2 | 0.85|0.13| 210.7| 4.2 135
Set#l7| 7.2 | 0.85| 0.17| 210.8| 2.9 12.6

Set#l8 | 7.2 | 0.85]| 0.21| 211.1| 2.2 11.9
Set#19 9 0.51] 0.13| 211.7| 3.0 12.5
Set#20 9 0.51|0.17| 212.1| 22 11.8
Set#21 9 0.51]0.21| 2125| 1.7 11.3
Set#22 9 0.68| 0.13| 211.1| 29 11.9
Set#23 9 0.68| 0.17| 2115 21 11.2
Set#24 9 0.68| 0.21| 211.8| 1.7 10.7
Set#25 9 0.85| 0.13| 210.7| 2.9 115
Set#26 9 0.85|0.17| 2111 21 10.8
Set#27 9 0.85| 0.21| 211.4| 1.6 10.3
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The base case value for each parameter is that from Stage | and thieeafaeach parameter
are explored: 1) 25% less than the base case value; 2) base caseawudlu8) 25% greater
than the base case value. Hence, Table 4.3 presents every combinati@sefparameter
values. The results are calculated for the frequency range of [KkF25]vith a step size of
0.05 kHz. The table, whose data were generated in just 8 secondsséntae to illustrate
the dependency of the performance metrics to these parameters. For siniploctymuni-
cating the design methodology, the number of values swept for each pgarasmkmited to
3. However, in the actual design procedure, the parameter sweeprigedta a way that the
span around the base values is increased to 50% and the number ofiergloats for each
parameter is increased to 21. The reason to cover such a wide rangeigithigh detail is
related with the extreme economy of the model in terms of computation time. Itis &sede
with the aim of not missing any probable better parameter sets which may nlasied @ the
base values of the parameters swept. Due to the simplicity of the model.pMy, andM;
are swept. As a result, the selected 3 parameters cover almost eveaplgrsblution that

can be generated with the Lumped-Parameter Electrical Equivalent Qitod!.

In the actual design procedurtg, My, and M; are swept within the ranges [3.6, 10.8] mm,
[0.17, 0.34] kg, and [0.34, 1.02] kg, respectively. As can be noteal rdinge forMy, is
shifted since its base value, 0.17 kg, corresponds to the lower limit for thendss when
the flexural mode of the head mass is considered. The responses dfod @261 parameter
sets are investigated for the frequency range of [10, 20] kHz with as&tepf 0.1 kHz with
the Lumped-Parameter Electrical Equivalent Circuit Model. Out of th&&d parameter
sets, the required peak frequency of 15 kHz is provided by 34 paragettewith dfferent
bandwidths. Five of these parameter sets, which lead to results closesttiodd bandwith

of 5000 kHz, are presented in Table 4.4.

Table 4.4: The Best 5 Parameter Sets with respect to the Bandwidth Requiiidgtermined
by Parameter Sweep in the Lumped-Parameter Electrical Equivalent Qitodél

Parameters t; M M Sl | Afsi
Swept| [mn] | [kg] | [kg] || [dB] | [kHZ
Set#1 | 54 | 0.88| 0.18]| 211.1| 3.9
Set#2 | 5.0 | 1.02| 0.20|| 210.9| 3.7
Set#3 | 5.0 | 0.92| 0.20]| 211.2| 3.4
Set#4 | 4.7 | 0.99| 0.23| 211.2| 3.2
Set#5 | 54 | 0.68| 0.20|| 212.1| 3.1
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From the 5 parameter sets presented in TableSet##1is selected since it provides a band-
width closest to 5 kHz. The dimensions of the transducer parts which teerdeed with
respect to these parameters are presented in Table 4.5 along with theolzthiasd in the
Stage I. Although the length and radius of the stud are not determined in ISthgecorre-
sponding values for them must be determined in Stage Il to run the model. [Tresdts
obtained with the Lumped-Parameter Electrical Equivalent Circuit Moddehtdimensions
determined in Stage | and Stage Il are shown in Figure 4.3 in order to betteralishe
improvement. Hence, fixing the new dimensions based on tuning of the dimsrmditained
in Stage | with respect to the design criteria by the Lumped-Parameter EleEmigzalent

Circuit Model concludes Stage II.

Table 4.5: The Transducer Dimensions Obtained in Stage | and Stage |ISéuthgle Design
Procedure

| Dimensions [mm]| rn | th [ resi[feso| les | e | I [ rs [ Ise |
Stage | 35.8| 155|14.3| 21.5|43.1|24.1| 48.2| 4.3 | 91.3
Stage Il 35.8| 16.5| 14.3| 21.5| 32.4| 26.3| 52.6| 4.7 | 85.0
212 | :
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Figure 4.3: The source level results obtained with the Lumped-ParametnédEeEquiva-
lent Circuit Model with respect to the dimensions determined in Stage | ané 8tag
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4.2.2.3 Stage Il

The Matrix Model introduced in Section 2.3 and validated in Section 3.3 is usedghout
Stage Ill. As a result of the capabilities of the Matrix Model regarding #ugal dimensions,
the head mass of the modeled transducer is represented as a seriaticorofea full cylin-
der and a hollow cylinder with a reduced diameter in order to approximate #raatRristic
conical shape of the head mass. The radius of the hollow cylinder, whih formulation as
rhtm = (rh + rr_ne) /2 with respect to the dimensional parameters shown in Figure 4.2, is con-
sidered as one of the parameters to be swept in Stage Il while searohmbétter parameter
set with respect to the design criteria than the one obtained in Stage Il. 3$® s®ctional
view of the transducer being modeled is shown in Figure 4.4 with identifying ewsnin
each of the network elements used to build the Matrix Model. A total of 14 nktelements
are connected to each other with respect to their relative positions shdwigure 4.4 with

the same approach used in Section 3.3 for modeling the Bayliss’ 50 kHz Tonpilz
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Figure 4.4: The axisymmetric cross-sectional view of the transducerhvuggeparated into
network elements as numbered, and modeled with the Matrix Model in StadeHd 8ample
Design Procedure

When the dimensions obtained in Stage Il are applied to the Matrix Model, thdrpgaency
and bandwidth with respect to SL result are determinetsas= 143 kHzandAfs = 3.2
kHz. Hence, the accuracies of the peak frequency and bandwidtle dfathsducer having
these dimensions are 4.7% and 36%, respectively, when evaluated withathi@ Model.
Since the results are as expected, these dimensions can be used a® thalussfor the
parameter sweep which is conducted to search for a better parametéthsetspect to the

design criteria using the Matrix Model.
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The dimensional parameters rne ms, fesi, ter I, i, r's Shown in Figures 4.2 and 4.4 are swept
for three values: 1) 12.5% less than base; 2) base; and, 3) 12.5%rgtlean base. The
span is reduced fai, in order to eliminate values below 15.5 mm which is determined as
the limit for avoiding the flexural mode of the head mass in Stage I. The basesvaf
rhem andregi are shifted to avoid exceeding the physical limitatiog), with respect to the
geometry and not having a radial thickness for the piezoceramic ringthbas8 mm which

is practically unreasonable, respectively. The reasons to keep theenofrdwept values for
each parameter as small as 3 are related with the expense of the Matrixwhamaretompared
with the other models used in the previous stages, the large number of pasaooeisEidered

for the parameter sweep and the illustrative purposes considered fartie design.

A total of 2187 diferent parameter sets required 2.8 hours of calculation time for the Matrix
Model with respect to their SL results in the frequency range of [10,kB] with a step
size of 0.1 kHz. Since the peak frequency and bandwidth with respett &aoeShe primary
and secondary objectives in the design criteria, the best 5 parameteritbetespect to the
bandwidth requirement out of 42 parameter sets that provided a peglefrey of 15 kHz are

listed in Table 4.6 with their corresponding bandwidth and peak SL values.

Table 4.6: The Best 5 Parameter Sets with respect to the Bandwidth Requiileetermined
By Parameter Sweep in the Matrix Model

Parameters ty Ftm | fesi te re It rs SL, | AfsL
Swept| [mn] | [mnd | [mn] | [mnd | [mn] | [mnd | [mm || [dB] | [kHZ
Set#l | 15,5 | 31.3 | 16.1 | 4.7 | 26.3 | 46.0 | 4.7 | 209.2| 4.4
Set#2 | 155 | 31.3 | 16.1 | 4.7 | 23.0| 59.2 | 4.1 | 209.1| 4.4
Set#3 | 155 | 31.3 | 143 | 54 | 26.3 | 526 | 4.1 || 211.1| 4.0
Set#d | 155 | 336 | 16.1 | 4.7 | 23.0| 526 | 4.1 || 209.5| 3.9
Set#5 | 16.5| 358 | 143 | 4.7 | 296 | 59.2 | 53 || 210.7| 3.8

According to the results in Table 4.6¢t #1is selected as the output parameter set of Stage
Il since it provides a bandwidth closest to 5 kHz and a slightly better pealakie thanSet

#2. The dimensions of the transducer parts determined with respBet télare presented in
Table 4.7 with the ones obtained in Stage Il. In order to show the improvemtmtespect

to the design criteria better, the SL results obtained with the Matrix Model fatithensions
determined in Stage Il and Stage Il are shown in Figure 4.5. Hence, tn@rigatrix Model

to fix the dimensions for Stage IV concludes Stage lI.
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Table 4.7: The Transducer Dimensions Obtained in Stage Il and StagéthHe Gample
Design Procedure

]Dims. [mm]‘ h ‘ th ‘rhtm‘ lesi ‘rc&o‘ les ‘ It ‘ It ‘ I's ‘ lse ‘
Stage I 35.8|16.5| 35.8|14.3| 21.5| 324| 26.3| 52.6| 4.7 | 85.0
Stage Il 358|155 31.3|16.1| 21.5|28.2| 26.3| 46.0| 4.1 | 74.2
212 \ T I
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Frequency [Hz] % 10"

Figure 4.5: The source level results obtained with the Matrix Model withewtsip the di-
mensions determined in Stage Il and Stage Il

4.2.2.4 Stage IV

In this stage, the sample design procedure is finalized by using the FE Madeluced in
Section 2.4. As the first step, the performance metrics of interest for tisdtraer which has
dimensions obtained in Stage Il is evaluated with the FE Model. The modelfasdhis
evaluation and for the other simulations conducted throughout Stage [\ovwsin Figure
4.6. All the details regarding the FE Model and its application are availabledtiofe 2.4
and 3.4, respectively. The peak frequency and bandwidth are detatragis = 139 kHz
andAfs, = 5.7 kHz. Hence, the accuracies of the peak frequency and bandwidtle of th
transducer obtained in Stage Ill are 7.3% and 14%, respectively, evednated with the

FE Model. As was the case while analyzing the Bayliss’ 50 kHz Tonpilz in @& the

83



bandwidth estimated with the Matrix Model is less than it should be. In geneealefult is
as expected and close to the performance metrics needed. Therefteephrameter sets can
be searched by sweeping the dimensional parameters around the \#hiasdin Stage IIl.
On the other hand, the flexural mode of the transducer is seen aroltz2thich could not
be seen with the Matrix Model. Since this is not very close to the peak freguerinterest
it does not &ect the performance adversely but instead helps to widen the bandwitlite of

transducer and is a technique used for this purpose in the literature [30].

Piezoceramic
Stack

Tail Mass

Water Head Mass Stud

Figure 4.6: The FE Model used in Stage IV of the sample design procedure

In order to obtain a better parameter set with respect to the design criterdirrtensional pa-
rameters, r's, lesi, tc, @andry are swept using the FE Model around the base values obtained
in the Stage IIl with a span of 10% using 3 points for each parameter. Siadetisolutions

are the most computationally expensive when compared with the other modetiiced in
Chapter 2, the number of parameters and the values for each parameperase kept at a
limited level while still being sfficient to illustrate the sample design procedure. Hence, a
total of 243 diferent parameter sets were analyzed within 3.1 hours using the FE Model with
respect to their SL results in the frequency range of [10, 20] kHz witegsize of 0.1 kHz.

Out of 243 parameter sets, only 5 lead to a peak frequency of 15 kHzseTarameter sets
are presented in Table 4.8 with the corresponding bandwidth and peakl&isy
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Table 4.8: The Best 5 Parameter Sets with respect to the Bandwidth Requil@etermined
By Parameter Sweep in the FE Model

Parameters rpt rs lesi te re SL, | AfsL
Swept| [mn] | [mn] | [mn] | [mn] | [mn] || [dB] | [kHZ
Set#l | 26.8 | 4.7 | 145 | 5.1 | 23.7 || 208.0| 5.1
Set#2 | 242 | 51 | 145 | 5.1 | 26.3 || 207.7| 7.4
Set#3 | 26.8| 43 | 16.1| 43 | 23.7 || 205.8| 7.6
Set#d | 242 | 43 | 16.1 | 4.3 | 26.3 || 2055| 7.9
Set#t5 | 26.8 | 43 | 145 | 4.7 | 289 | 207.1| 8.2

According to the results in Table 4.8¢t #1is selected as the final parameter set of Stage
IV and the sample design procedure since it provides the bandwidtheetgrit and fiers a
better peak SL value than the other parameter sets. Bksio#2 which dfers a much wider
bandwidth with a slight reduction in the SL, would also be a wise selection. Thressilts
obtained with the FE Model for the dimensions determined in both Stage Il tage 3V

are shown in Figure 4.5 for an extended frequency range up to 25 kéizlér to cover the
flexural mode of the head mass. Also, the dimensions obtained with respset tHlare

presented in Table 4.9 with the results obtained in Stage lll.
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Figure 4.7: The source level results obtained with the FE Model with résptite dimensions
determined in Stage Il and Stage IV
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Table 4.9: The Transducer Dimensions Obtained in Stage Il and Stagé thé Gsample
Design Procedure

’ Dims. [mm] ‘ h ‘ th ‘ Iht ‘ lesi ‘ leso ‘ lcs ‘ It ‘ It ‘ I's ‘ I'se ‘
Stage I 35.8|155|26.8|16.1| 21.5| 28.2| 26.3| 46.0| 4.1 | 74.2
Stage IV 35.8| 155 26.8| 145| 21.5| 30.6| 23.7| 46.0| 4.7 | 76.6

Hence, the physical dimensions of the Tonpilz-type transducer whichda®the most im-
portant performance requirements of the design criteria are obtainedesjikat to the cor-
responding materials used for the transducer parts. As also experignChapter 3 while
validating the modeling results with respect to the measurements, a higheridtmdad a
lower peak SL is expected for the transducer having these dimensiosismikgy an accuracy
better than 1% with the FE Model for the peak frequency fulfills the peajugacy require-
ment. Also, assuming an electroacoustitcgency of 50% at the peak frequency leads to a 3
dB reduction in the peak SL which still fulfills the required peak SL of 204 kiBaddition
to these, the beam width requirement in the design criteria is also checketbe@m pattern
of the transducer, which is determined by correlating the pressure amplitede at the out-
ermost nodes of the acoustic medium in the FE Model, is shown in Figure 4r&eHthe
transducer is found to have a beam width of L@®ich fulfills the design criteria since it is

narrower than 120as expected regarding the calculations made in Stage |I.

-90° 90°

Figure 4.8: Beam pattern of the transducer with the dimensions obtained ineitpe I$ of
the sample design procedure determined with the FE Model
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4.2.3 Comparison of the Performance Metrics of the Transducers ith Dimensions Ob-

tained in Different Stages of the Sample Design Procedure

In the sample design procedure, a total of 4 transducer designs ameeobtsing diferent
modeling techniques in flerent stages with respect to the design criteria. In order to have a
quick comparison between the outputs of thi@ettent models for the same design criteria, the
physical dimensions of the transducer parts obtainedfferént stages of the sample design
procedure are summarized in Table 4.10. As can be seen in the table, arfemstbns are
kept constant across all the stages for simplicity. In an actual desigeguce in which the
most optimum solution set with respect to the design criteria is aimed, all the dimahsio
parameters should be subject to change to maximize the possibility of obtairiteg e
rameter sets. However, changing only a limited number of them, while also eoingjdhe
corresponding possibldfects, is stficient to reach reasonable results in such a sample design

procedure aimed to illustrate th&ectiveness of the proposed design methodology.

Since the FE Model provides the most accurate results, especially in terims péak fre-
qguency, as verified in Chapter 3, the accuracies of the other modeliudifidgrent stages of
the sample design procedure can be evaluated with the FE Model. Althoonghtssmsducer
parts do not exist in some of the models, reasonable values are gerferdtesim to be used

in the FE Model with respect to the existing parts. For instance, althoughutielees not
exist in the Simple Lumped-Parameter Model, figetive length is determined as the sum of
the lengths of the piezoceramic stack and tail mass. Also, its radius is determihedspect

to the practical ratio considered between thé&rstisses of the stud and piezoceramic stack.
Hence, the SL results obtained with the FE Model for the parameters shdvabl®4.10 are

presented in Figure 4.9.

Table 4.10: The Dimensions regarding the Transducer Parts obtaineffénebdt Stages of
the Sample Design Procedure

’ Dims. [mm] ‘ Ih ‘ th ‘ I'ht ‘ Fesi ‘ leso ‘ lcs ‘ It ‘ It ‘ I's ‘ l'se ‘
Stage | 35.8| 155| 35.8| 14.3| 21.5|43.1| 24.1|48.2| 43| 91.3
Stage I 35.8| 16.5| 35.8| 14.3| 21.5| 32.4| 26.3| 52.6 | 4.7 | 85.0
Stage Il 35.8|155|26.8|16.1| 21.5| 28.2| 26.3| 46.0| 4.1 | 74.2
Stage IV 35.8| 155 26.8| 145| 21.5| 30.6| 23.7| 46.0| 4.7 | 76.6
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Figure 4.9: The SL results obtained with the FE Model for the transduesiadn physical
dimensions as shown in Table 4.10

The peak frequencies of the SL results shown in Figure 4.9 are prdsantable 4.11 with
their absolute percent relative errors with respect to the aimed pealefieg 15 kHz. In
addition, the number of parameter sets in each stage and computational tirreddqu
them are also presented. As expected and also being the main basis foogbsgu design
methodology, the accuracy of the peak frequency improves as the liedetail increases
with the model considered in each corresponding stage. However,rtteestatement is also
applicable for the time required to reach these better accuracies. Tigegliefis reasonable
to use the more accurate but costly methods to refine a design obtained &osidtively

quicker but less accurate methods as is done in the sample design peocedur

Table 4.11: The Peak Frequencies of the SL Results shown in Figure 4.8\bgtiute Per-
cent Relative Errors with respect to 15 kHz and the Number of Paramettengh the Com-
putational Times encountered in the corresponding Stages of the Samfde Des

Peak Freq. [kHz] Rel. Error [%] | # of Par. Sets Comp. Time [hrs]
Stage | 11.7 22.0 1 -
Stage Il 13.0 13.3 9261 0.8
Stage llI 13.9 7.3 2187 2.8
Stage IV 15.0 - 243 3.1
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CHAPTER 5

CONCLUSION

In this study, a methodology for designing Tonpilz-type transducerssepted. The method-
ology is based on four ffierent models which can reflect various performance characteristics
of the transducer with dierent accuracies. Before introducing the methodology, all the mod-
els are introduced and then benchmarked with respect to the same measguesuks ob-
tained for a Tonpilz-type transducer whose dimensions and materialrfespare known.

As expected, the models which involve higher levels of detail achieved laettaracies with
respect to the measurements but also have higher computational costisadiey the relative
accuracies and computational costs of thedént models constitutes the main idea behind
the proposed methodology. Briefly, the methodology is based on the ciinsegse of all
these models in order of increasing accuracy and computational cobtaBapproach avoids
spending excessive time in the infinite domains of design which would occue detailed
models are used directly. Instead, the methodology uses the less detaifadtinbdels to
provide fairly reasonable initial design points for the more detailed and slogelmowhich
allows the more detailed models to reach the design goals much quicker threugbctin
rate optimization iterations. After the introduction of the methodology, the methggdado
illustrated with a sample design procedure in which the design criteriéeistisely achieved

through the straightforward use of the methodology.

The main advantage of using the introduced methodology is to save a signiicannt of
time while designing Tonpilz-type transducers. As shown in Table 4.11, adbtbl449
design iterations are checked in 3.6 hours with all the models except the atadéd one.
However, it took almost as much time, 3.1 hours, to check far fewer desigtidtes, 243,
with the most detailed model to reach the design goals. As an alternative toojhespd

methodology, if the intermediate models between the least and most detailed merkeioiy
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considered in the design procedure, the absolute percent relativef@rthe initial design
point when compared with the final design would be 22% instead of 7.3% whatlited
with the use of the methodology. Hence, substantially more computation time would be
required by the most detailed model to reach the design goals. Also, it dbeualoted that an
axisymmetric transducer is considered in the sample design procedugedfoetries which
cannot be modeled axisymmetrically, such as the transducers with a sinagred active
surface which are commonly used in sonar arrays, the most detailed madé€l:tmodel,
has to be prepared in 3-D instead of 2-D which in turn would require faeraomputation
time for the same accuracy. Significantly, such complex geometries canmeptasented
with the Matrix Model, which is the second most detailed model, but modeling 3niplEx
shapes with their 2-D axisymmetric approximates would not lead to any prolihes the

final design is not obtained by the Matrix Model.

Another advantage of the methodology is the diversity brought to the desigedure which
would not be possible otherwise. Again, as an alternative to the proposttbdology, if
the intermediate models are not considered in a design procedure, thevalwlile a single
design set available for optimization with the most detailed model. However, ouséee-
sign sets corresponding to various transducer performances debbvavith the use of the
intermediate models and this diversity can easily be turned into a benefit bgingahe final
design set obtained with any intermediate model according to the feedbaxkftakn the
subsequent model. For instance, the final design set obtained with thig Matitel, which
satisfy both the resonance frequency and source level requiremeetsevaluated with the
Matrix Model, may turn out to show a 1 kHz shift in the resonance frequand 2 dB deficit
in the source level when evaluated with the FE Model as expected due tcsthadeurate
nature of the Matrix Model. Then, instead of using this design set, anog@isggrdset which
possibly would tolerate the 1 kHz shift and 2 dB deficit can be picked amandebign sets
obtained with the Matrix Model and most probably a better initial result will biioled with
the FE Model. Reiteration of the same procedure with respect to the existimtsreegarding
the previously considered 2 design sets will result with picking an everrloetseggn set from
the Matrix Model for the optimization in FE Model. Such manual manipulations mastes
the design procedure even more. However, the time spent for such radicipsi should be

kept at a minimum in order not to consume more time than is saved.

Yet another advantage with the proposed methodology is the use of the Simnpiged-
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Parameter Model introduced in Section 2.1. All the other models requiredtreasdimen-

sions and lead to performance metrics, accordingly. However, the SimpipedtParameter
Model requires the desired performance metrics and leads to the trensdiimensions
needed for the requirements. Therefore, even though the Simple LuRgradieter Model is
less accurate than the other models, its use is important as it explicitly prowidasanable

initial design which cannot be provided by the more advanced models.

Apart from being part of the larger methodology, the intermediate modelalsarbe useful
for other purposes where computation time has more importance than acdtlta@nalysis
of sonar arrays can be given as an example of such purposes. Aiemeenin Section 1.2,
a sonar array may require up to 1000 or more transducers to be forrhedefdre, a single
analysis of such an array through a FE model may take weeks or months/ithiethe most
powerful computers available today. Hence, the intermediate models carefok fos the

analysis of such arrays in reasonable computation times with a relativelg @wocsiracy.

A possible weakness of the methodology is the risk of facing meaningladtsresiile eval-
uating the final design set obtained from a model with the subsequent thareced model.
Such situations should actually be expected sometimes since everythingectedsia the
subsequent more advanced model are not considered in the less datadield The solutions

for such situations is also available within the methodology which is the feedbackanism.

The presented methodology is an initial attempt to fill a gap in the literature fé& coom
for improvements. The Matrix and FE Models involved in the methodology captated in
the future with respect to the advancements in the literature. The Simple Lurgpadieter
Model can be improved even today by considering more cases, suciiding undesir-
able modes of motion within the frequency range of interest, and usfiryeht practical
assumptions. As a future work, the Simple-Lumped Parameter Model can bammged
to software such as MATLAB to have a simple interface which allows the destgrobtain
the outputs of the model automatically after entering the inputs. On the other hatable
optimization algorithms can be implemented for each model to decrease the timeddaquir
design. Also, the manual feedback mechanism can be automated for adulfyuterized
design procedure. The methodology can be adapted to magnetostriatpiézdiype trans-
ducers by changing the models accordingly as well as to other tranggipesiif such models

with different accuracies are applicable to them.
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APPENDIX A

VALIDATION OF THE ACOUSTIC FIELD IN THE FINITE
ELEMENT MODELS

A.1 Definition of Radiation Impedance

Radiation impedance of a vibrating surface can basically be defined adithefithe force ex-
erted on the medium from the vibrating surface to the normal velocity of thatiigrsurface.
In this definition, radiation impedance, being a mechanical concept, mayh& simalogous
to electrical impedance which is the ratio of voltage to current. Radiation impedaone of
the most important characteristics of acoustic transducers. It is diretatedenith the near
field of the transducer as it is found by multiplication of pressure and velogiy the active
surface of the transducer. Radiation resistance is an indication of ther poat the trans-
ducer can transmit to the medium at a certain velocity. It has critical imporeiteffects
the dficiency and the fective bandwidth of the transducers. Due to if®€&t on resonance
frequency and bandwidth of a transducer, radiation reactance asigmaficant importance.
The main factors fecting radiation impedance can be listed as the size and shape of the ra-
diating surface, and also the properties of its surroundings [4, 2@]iaRan impedance can

be expressed as follows:

F .
where Z; represents radiation impedande,represents the force exerted by the vibrating
surface to the medium, andrepresents the normal velocity of the vibrating surface to the

medium. As shown in Equation (A.1), radiation resistariRe,is the real part of radiation

impedance, whereas radiation reactangeis the imaginary part.
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A.2 Analytical Representation of Radiation Impedance for aCircular Piston
in a Rigid Baffle

Different analytical models for radiation impedance are available in the literatudéferent
geometries and boundary conditions. In this section, radiation impedaacgrofilar piston
in a rigid bdfle is introduced. In its derivation, pressure across the vibrating sudathe
piston is found by integrating infinitesimal contributions due to the motion of therpister
the surface. Then, this integral is divided by the average velocity of ithratery motion.
Therefore, velocity is assumed to be uniform over the entire surface iarhigtical model,

which certainly is not the case in reality. The formulation is as follows [4]:

k =

= (A.2)

or _anf
A c

7, = pcA[(l A (Zka)) , Hi (23

ka ka

wherep is the density of the acoustic mediuais the speed of sound in the acoustic medium,
A is the area of the vibrating surfacka is the Helmholtz number is the radius of the
vibrating surfacek is the wave numben is the wavelength in the acoustic mediufns the
frequency of vibration,); is the Bessel function of first kind of order 1, akd is the Struve
function of first kind of order 1. Within this formulation, the Struve function@& commonly
found in computer languages nor commercial programs such as MATLABoégh several
accurate approximations are available in the literature for the Struve funttiey require
different considerations for small and large Helmholtz numbers. Therdfedpllowing
expression, which is applicable for all Helmholtz numbers, by R. M. Aa@§if’considered

while calculatingZ, through Equation (A.2):

2

My~ = - Jofka) + (% _5)Sinka)

ka

36,1 - coska)

where Jy is the Bessel function of first kind of order 0. The results for radiatesistance
and radiation reactance obtained with Equation (A.2) are shown in FigureThd results
are normalized in order to obtain unitless values and be independent ustizcmedium
properties as well as vibrating surface dimensions. These results campared with results
obtained from the finite element model introduced in Section A.3 to test the validiheo

numerical approach.
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Figure A.1: Analytical results for normalized radiation impedance of a cirquikion in a
rigid baffle with respect to Helmholtz number

A.3 Numerical Representation of Radiation Impedance for a @cular Piston
in a Rigid Baffle

A finite element model consisting of an acoustic medium and a circular vibratirfigce is
built parametrically in order to calculate the radiation impedance numericallyifiarent
conditions. Since the vibrating surface is circular, a 2D axisymmetric modekis o repre-
sent the actual 3D case. A geometrical representation of the model is shdvgure A.2.
Vibration of the surface is simulated by introducing a sinusoidal displacenwental to the
acoustic medium ranging betweenif /10°, 1*/1(P] for frequencies ranging betwe&a = 0

andka = 10. The model is built with the simulation software ANSYS.

In order to run the finite element model, several constants have to be dleffiest, the
acoustic medium is assumed to have a density of 100@%and a sonic speed of 150Q'sn
which are the typical values for water. In the finite element model, paranmiehsas mesh
density and radius of the acoustic medium are defined dependent aerfiesg Actually, it is
best to define these parameters for every frequency of interestianie model accordingly.
However, this practically means redefining and solving the whole model ¢brfezquency of

interest. Instead, it is far less time consuming to define a single model witlcteés@ecertain
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reference frequency, and solve it for the whole frequency rafhgeterest. The benefit is
significant reduction in the solution time and eliminating possible meshing problerasthe
cost of sacrificing some accuracy for frequencies away from thetséeleeference frequency.
This method is also very applicable for analyzing a specific transducerissgasonable
to select the transducer’s resonance frequency as the refereqcericy for defining other
parameters in the model. The reference frequency, which is used t@ deémecessary
parameters for the model, is selected to be 50 kHz. So, the referenclemgthel”, for the
corresponding medium is automatically defined as 30 mm. Also, the diameter afdilkaic
piston has to be known before modeling. It is reasonable to define it wifeceso the
reference wavelength. Hence, the diameter is selected to be half theneferavelength,
which makesa = 1*/4.
Axisymmetry Axis

Free Field Boundary
Condition of the Medium

/

Interfacing Surface of the
Circular Piston

Acoustic Medium

Rigid Baffle
Boundary
Condition

I

Figure A.2: Geometrical representation of the finite element model build fdiatian
impedance analysis

The remaining parameters required for the model are the radius of thet@omedium that
can provide a free field boundary condition,, and the maximum distance between two

connected nodes in the mesh, The formulations for these parameters are as follows:

Fm= A +a (A.4)
Nm
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Xm = (A.5)

A
y
wherenp, is a constant assumed to be 5 [80], arid a constant, assumed to be more than 10
[4], referring to the mesh density, as advised in the literature. 2D and 3ix\0éa sample
finite element model built for radiation impedance calculations is shown in Figige In

the figure, elements which are colored light blue are the interface elemdhtedés in the
model have a pressure DOF. Nodes located at the horizontal edge intdétface elements
also have displacement degrees-of-freedom. Hence, the excitatigireatépr the radiation
impedance calculations are implied from these nodes, which actually resemisiertace of
the vibrating circular piston as a whole. In ANSYS, FLUID29 and FLUIBE,ement types

are used for the acoustic medium and its free field boundary conditiqreatsely.

(a) (b)

Figure A.3: 2D (a) and 3D (b) views of a sample finite element model whichi il flou
radiation impedance calculations

A harmonic response analysis is conducted to see the steady-stateseesptire system un-
der harmonic excitation within the frequency band of interest, which caliensnge between
ka = 0 andka = 10. While calculating the radiation resistance and reactance, for eagh swe
frequency steady-state pressure and velocity values of the nodeb, i@bemble the surface,

are modeled through the following formulations [4]:

R =ReZ)= - f f Re(pu’)dS (A6)
X =1m(Z) = %fflm(pu*)ds (A.7)
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wherep is the pressurey is the velocity andu® is the complex conjugate of the velocity.
Normalized radiation impedance results obtained numerically mjith= 5 andy = 10, are

shown with the analytical results in Figure A.4.

1.4

r

Z IpcA
T

—— Norm. Rad. Resist. — Analytical
- = =Norm. Rad. Resist. — Numerical
—— Norm. Rad. React. — Analytical
= = =Norm. Rad. React. — Numerical

0.2

1 2 3 4 5 6 7 8 9 10

Figure A.4: Analytical and numericahf = 5 & y = 10) results for normalized radiation
resistance and reactance betwkar- 0 andka = 10

As shown in Figure A.4, the error of the numerical analysis increasésdeally with in-
creasing Helmholtz number, ka. However, it should be noted that the pinanie the nu-
merical model are determined with respect to a certain reference fregueston radius and
acoustic medium. When analyzing a certain transducer, the piston radias@umstic medium
are fixed and one would like to see a transducer’s response ovetasndeezquency range.
Therefore, frequency may be considered as the only independeableawhile analysing
a certain transducer under certain conditions. Typically the frequemgeraf interest is
around the resonance frequency of the transducer. Therefastigating the response of a
transducer only up to a certain frequency, for instance two-times itsaaserfrequency, is
usually suficient. The whole numerical model is built with respeckt= /2, hence it is
reasonable to investigate only the Helmholtz numbers kam 0 up toka = 7. The absolute
percent error of the numerical results with respect to the analyticdtsdeuthe mentioned

range are shown in Figure A.5.
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Figure A.5: Absolute percent error of the numerical results for normaliiation
impedance with respect to the analytical results betvkeen 0 andka = «

As can be seen in both Figure A.4 and Figure A.5, the error fluctuates ardcextain
Helmholtz number ranges increases or decreases are quite sharphgefoféaein order to
quantify the error in the numerical calculations using a single number, thrage/ef the
absolute percent error with respect to the analytical results over thestadrHelmholtz
number range is used. After quantifying the error for each case, aarisop between the
cases can be possible. The constants in Equation (A.5) and Equationr{am@lyn,, and
y, are changed to test the accuracy of the finite element model urftEnedt conditions. In
addition to these changes, twdfdrent values of the piston radius, which are also depen-
dent on wavelength, are also investigated under several conditioasag®/absolute percent
errors of radiation resistano® resistance aNd radiation reactanc®,reactance are calculated for
a total of 24 diterent cases. Computation times for these cases are also determined. &ll thes
results are given in Table A.1. Acoustic medium constants and a refeiregeency, which
are required to build the numerical model, are kept constant in all the inatsdigases. How-
ever, the results are applicable for all acoustic mediums and refereesficies, since they
are introduced in unitless forms. However, it should be noted that the ealwulations are
made over a Helmholtz number range starting from 0 and goes up to two-timesd¢henice

Helmholtz number. For instance, the reference Helmholt number equalfotothe cases
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wherea = 1*/2, so only the Helmholtz number rand& = [0, 2x] is considered in the error
calculations for these cases. For the sake of showing sample details fabth&ted results,
normalized radiation impedance results obtained numerically wih40, n, = 1.25, and
a = 1"/2 and the corresponding analytical results are shown in Figure A.6. Thewepent
in the agreement between the numerical and analytical results is obvioaxatmgared with

Figure A.4, but at a cost of the numerical solution being 27 times slower.

Table A.1: Average Absolute Percent Errors and Computation Times of uhgeNcal Cal-
culations for the Radiation Resistan®g;esistanceand Radiation Reactance,reactance With
respect to the Analytical Ones for 24 fRarent Cases Having, y, andny, as Changing Pa-
rameters

y=10|y=20|y=30|y=40
€ resistance a=A"/41] 0877 | 0.229 | 0.142 | 0.101 | n,y, =5
[%] 0.508 | 0.185 | 0.081 | 0.055 | n, =25
0.764 | 0.208 | 0.095 | 0.055 | ny=1.25
a=A1*/2 ] 0.823 | 0.331| 0.223| 0.194 | nm,=5
0.506 | 0.172 | 0.107 | 0.084 | npy =25
0.677 | 0.173 | 0.083 | 0.052 | n, = 1.25
€ reactance a=A*/4| 3.738 | 0.718 | 0.357 | 0.224 | nm=5
[%] 2.132 | 0.669 | 0.493 | 0.388 | npy=25
3.035| 0.913 | 0.545| 0.429 | n,=1.25
a=A"/2 | 4544 | 1552 | 0917 | 0.763 | np,=5
4990 | 1517 | 0.843 | 0.629 | N, =25
5.055 | 1.592 | 0.877 | 0.616 | n,,=1.25
CompTime | a=1"/4 | 20.5 33.5 47.9 79.2 | np=5

[5] 35.3 49.0 | 100.0 | 158.4 | n, =25
52.4 | 179.3 | 298.4 | 380.6 | n,=1.25
a=A"/2| 27.6 51.9 | 1285 | 160.1 | nm=5
33.3 80.0 | 176.9 | 298.6 | nm=25
49.7 156.8 | 332.0 | 552.6 | n, = 1.25
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Figure A.6: Analytical and numericahf = 1.25 &y = 40 & a = A1*/2) results for normalized
radiation resistance and reactance between 0 andka= 10

A.4 Discussions & Conclusion

In this appendix, firstly, the validity of the acoustic field in the finite element matiedsigh-
out the thesis is verified by comparing radiation impedance results obtainetheitlumer-
ical approach with the ones obtained analytically under the same conditi@israiy, the
numerical results do not exactly match the analytical results. Theretoteef investigations
are made to quantify the accuracy of the numerical results. In order toatlosttveral pa-
rameters important for the finite element representation of the acoustic megiwareed in
order to generate fierent cases, and average absolute percent errors with respeztuath
lytical results are found and tabulated for each case. Also, econongctasy the accuracy
are considered by presenting the computation times for all the cases., Mdrieemodeling
a similar acoustic field in a finite element analysis, one may use Table A.1 to defireeds

the parameters of hiser model in order to achieve a certain accuracy, at least up to an extent.

According to the results shown in Table A.1, an increase in the mesh densitlyyays d@fects
the accuracy in a positive manner. However, the same situation is not trilne fiadius of the

acoustic medium. For instance, for the cases with 1*/4 andy = 40, while the radius of
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the acoustic medium increaseg,(decreases), accuracy does not improve, rather it degrades.
In general, it may be possible to say that mesh density has a stronger ¢efloeraccuracy
than radius of the acoustic medium, at least for the investigated, practicadlgnmable cases.
Therefore, instead of increasing the volume of the acoustic medium, one maklenin-
creasing the mesh density for better accuracy. The conflict alputay be explained as
follows: increasing the acoustic medium volume may strengthen the free fietdioy con-
dition but it also leads to more nodes, which increases the accumulated raineerars in

the results.

On the other hand, investigating the cases witfedent piston radiia, also has a meaning
of investigating the #ects of the reference Helmholtz number to the results. In other words,
changing the value d from 1*/4 to A*/2 while keeping the reference wavelength constant
effectively means changing the reference Helmholtz number fr@2rto 7, which results in
doubling the Helmholtz number range considered for the average etontateons. Also,
that manipulation can be considered as keeping the radius of the pistor as/4, while
doublinghalving the reference frequenmavelength, which also means doubling the values
of yandnp,. The reason to express thdfdrence in terms of the piston radius is to make Table
A.1 more user-friendly, as readers who may use it most likely have a traesdith a certain
resonance frequency and piston radius. Regardless, in generaly siw@tage errors with
similar trends are obtained forftérent radii of the circular pistora. Even for the highest
difference, the order in the average errors remains the same when theaottmeefers are kept
constant. Lastly, while selecting the parameters for the finite element modelutatiop
times should also be considered. In some cases, a change in a paramekavmaysmall

impact on accuracy, but a large impact on computation time.
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APPENDIX B

MATERIAL CONSTANTS USED IN THE MODELS

The material properties presented in the tables below are mainly taken frglisB&hD
dissertation [75]. The properties of the materials used in transducer mgp@elept that for
the piezoceramics are shown in Table B.1. The properties of Navy T2 (piezoceramics
used in transducer modeling are shown in Table B.2. Note that seveparfies in Table B.2
are taken from a dlierent source [4], which alsdiers the same values for the other properties
as in Bayliss’ PhD dissertation. In addition to these properties, the densitgoatic speed of
the water used in the models are taken as 10@Gkgnd 1500 /s, respectively. Also, the

vacuum permittivitygo, is taken as 842x 10712 C/mV.

Table B.1: The Properties of the Materials Used in Transducer ModelinggExhe Piezoce-

ramics [75]
Material | Density | Young's Modulus| Poisson’s Ratio
[kg/n’] [GP4 [-]
Aluminium | 2710 68.9 0.30
Mild Steel | 7700 195.0 0.28
Stainless Stee| 7960 193.0 0.31
Glue | 1180 6.5 0.40
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Table B.2: The Properties of Navy Type | (PZT-4) Piezoceramics [}, 75

sh sk Sk S S Se
[pm?/N] 123 -405 -531 155 39.0 3277
St S s S S See
[p?/N] 109 -542 -210 790 193 326

E E E E E E
Ch C Cr3 C33 Csa  Ces
[GP4 13.9 7.78 7.43 11.5 256 3.06

X cy cDs C5s Cos  Cob
[GP4 145 839 609 159 51.8 3.07

eni/e0 efy/e0 e3/e0  e3/en
[] 1475 730 1300 635

d31 d33 dis
[PC/N] -123 289 495

)
[kg/m?] 7500
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APPENDIX C

PHYSICAL DIMENSIONS OF THE TRANSDUCER USED
FOR BENCHMARKING THE MODELS

As stated in Bayliss’ PhD dissertation [75], the design of the 50 kHz Tornyile-transducer
modeled actually belongs to J. R. Dunn [76]. THEtbe-shelf transducer, based on Dunn’s
design, is used by Bayliss in various operational measurements. In thenprgork, the
dimensions of the parts that constitute the transducer are taken from Bajdissrtation.
Several simplifications for the ease of modeling are also made in the mathenepicsan-
tation of the actual design. Therefore, the technical drawings prekentieis section belong

to the finite element model, not the actual transducer.

In addition to the head mass (Figure C.2), the tail mass (Figure C.3), the studdgf.4),

the piezoceramic ring (Figure C.5), and the nut (Figure C.6), the glue batilie two piezo-
ceramic rings is also modeled. It is modeled as having the same geometry andidimsexs
the piezoceramic ring, except the thickness is 0.12mm. A technical drawthg tfinsducer

assembly, which includes all the modeled parts, is shown in (Figure C.1).

For the sake of simplicity, the outer circumference of the nut is modeled as dewyiiith an
approximate diameter instead of a hexagon. Also, the threads of both thedtite stud are

not modeled.
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Figure C.1: Technical drawing of Bayliss’ 50 kHz Tonpilz’s assemblygpted from [75])
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Figure C.2: Technical drawing of Bayliss’ 50 kHz Tonpilz’s head masiaf#ied from [75])
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Figure C.3: Technical drawing of Bayliss’ 50 kHz Tonpilz’s tail mass (ptga from [75])
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Figure C.4: Technical drawing of Bayliss’ 50 kHz Tonpilz’s stud (Adafr®m [75])
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Figure C.5: Technical drawing of Bayliss’ 50 kHz Tonpilz’s piezocerarimng (Adapted from
[75])
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Figure C.6: Technical drawing of Bayliss’ 50 kHz Tonpilz’s nut (Adapteom [75])
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