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FOREWORD

The book is the most comprehensive coverage of piezoelectric acoustic transducers and all the
related aspects of practical transducer designing for underwater applications in the field. It uses
a physics-based energy method for analyzing transducer problems. This gives great physical
insight into the understanding of the electromechanical devices. The great benefit of the energy
method is that the multidisciplinary subject of electro-mechano-acoustics can be presented in
parts and the solutions to the problems (electrical, electro-piezo, mechanical, and radiation) are
combined using equivalent electrical circuit network theory. The energy and equivalent elec-
tromechanical circuit method at first is illustrated with transducer examples that can be modeled
as a single degree of freedom system (such as spheres, short cylinders and flexural beams and
plates). Then transducers are modeled as multiple degrees of freedom devices and the results
are presented using multi contour electromechanical circuits. Special focus is made on the ef-
fects of coupled vibrations on the transducer performance. The Book gives also extensive cov-
erage of acoustic radiation including acoustic interaction between the transducers. It provides
practical results that are directly useful for the transducers modeling. While there have been
many studies of acoustic radiation of various shapes, non-previous presented the results in terms
of such practical utility.

The book is inherently multidisciplinary. It provides essential background into vibration of
elastic passive and piezoelectric bodies, piezoelectricity, acoustic radiation, and transducer
characterization. Scientists and engineers working in the field of acoustics will find such a com-
prehensive treatment extremely useful not only for underwater acoustics, but also for electro-

mechanics, energy conversion and medical ultrasonics.

David A. Brown, Dartmouth, Massachusetts, 2022



PREFACE

This book is initiated by the engineering experience of the author. Throughout his career the
author has encountered many of the problems known to others involved in the design of elec-
troacoustic transducers. The fact of the matter is that the complexity of designing electroacous-
tic transducers is inherent in the multidisciplinary nature of the subject. Therefore, the develop-
ers and designers of the transducers must possess the knowledge of several different theoretical
disciplines (such as the vibration of mechanical systems, electromechanical conversion by de-
formed piezoelectric bodies, and acoustic radiation) and be able to actively use this knowledge
to derive equations that describe the performance of the transducers. Furthermore, creating
practical transducer designs that meet certain requirements and can operate under realistic en-
vironmental conditions requires the knowledge of properties of materials used and a certain
level of engineering intuition that cannot be developed without a clear understanding of the
underlying physics. Hardly anyone may possess all these capabilities without having received
a specially targeted education, which, to the best of the author’s knowledge, is not commonly
available in the academic world. Usually, the necessary skills may be acquired through self-
education, which was the case for the author. The main difficulties that arise in this endeavor
are not in the lack of available information. On the contrary, the theoretical disciplines listed
above are very well developed and are well-represented in the literature. Nevertheless, all these
disciplines employ different methods for solving their problems and the results obtained are
usually presented in forms not suitable for direct use in concert for synthesizing equations that
govern transducer performance. Thus, the results must be tailored accordingly.

Experiencing the above difficulties over several decades, the author gradually developed a
special approach to treating transducers problems that allows one to overcome many of the
obstacles. The essence of this approach is in the consistent application of the physics-based
energy method for solving all the problems that arise in the course of treating electromechanical
and electroacoustic transducers. The first attempt to describe this concept was undertaken in
Electromechanical transducers from piezoelectric ceramic published in 1990 in Russia. This

version has now been updated and expanded to the extent that it can be considered a completely
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different book. Only the underlying energy approach to solving the problems has remained
unaltered. This book is written for students, applied scientists and engineers in a way that should
prove fruitful both for those who have only begun to chart their careers in electroacoustics as
well as for those at a more advanced level. The content of the book is split into four p arts.

In Part I, titled “Introduction of energy method of treating the transducers,” the main con-
cepts of the method are considered (Chapter 1); applications of the method to calculating prop-
erties of transducers with single degree of freedom are illustrated (Chapter 2); and the study of
problems for designing the transducers as a part of the transmit/receive channel is made (Chap-
ter 3). The main concept is that of energy and following its transformation. Different types of
energies involved in the electro-mechano-acoustic conversion in the course of transducer oper-
ation are presented in the generalized coordinates. All the governing equations are derived from
the energy principles, that is, from the Law of Conservation of Energy for transducers with a
single mechanical degree of freedom, and from the Principle of Least Action for transducers
with multiple degrees of freedom. Equations describing the electromechanical part of the prob-
lem are reinterpreted as Kirchhoff’s equations for the corresponding equivalent electromechan-
ical circuits. In Chapter 2, the general approach is applied towards calculating the properties of
transducers of widely used types (spheres, cylinders, bars undergoing extensional vibration and
for circular plates and rectangular beams vibrating in flexure) that may be considered as systems
with single mechanical degree of freedom. In Chapter 3, the operating properties of transducers
as a part of a transmit/receive channel are considered and some recommendations regarding a
rational transducer designing are presented. Given that the single degree of freedom approxi-
mation covers many practical transducer designs, Part I can be regarded as a self-sufficient
study of underwater electroacoustic transduction on a basic level and can be read independently
from the rest of the book.

The general treatment of electroacoustic transduction requires an advanced knowledge of
the vibration of mechanical systems, electromechanical conversion in the deformed pie-
zoceramic bodies and acoustic radiation. Information about these topics, which is necessary for
the consideration of virtually all practical transducer types is presented in Chapters 4-6 of Part
IT under the title: “Subsystems of the Electroacoustic Transducers.” All the constitutive equa-

tions are derived in these chapters from the Principle of Least Action as Euler’s Equations in
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generalized coordinates. The obtained results are presented in the form of impedances, (includ-
ing the radiation impedances), electromechanical transformation coefficients and acting forces
(including those of acoustic origin) that can be directly substituted into the equivalent electro-
mechanical circuits (multi contour in general) of the transducers. The diffraction coefficients
and directional factors for differently configured transducer surfaces are also presented.

In Chapter 4, special attention is paid to the consideration of coupled vibrations in the
generally two-dimensional mechanical systems. The results allow determining the range of as-
pect ratio, at which the system can be approximately considered as one-dimensional, where the
problem can be simplified.

In Chapter 5, especial importance is ascribed to the theorem that sets the conditions, at
which the electromechanical conversion under the longitudinal and transverse piezoelectric ef-
fects can be treated qualitatively in the same way. This allows for the unifying calculation tech-
nique for the transducers that employ these types of ceramics polarization. Another important
subject is the general analysis of optimizing the effective coupling coefficients in nonuniformly
deformed piezoceramic bodies.

Chapter 6 touches upon several noteworthy issues. Besides solving the general radiation
problems, it provides a detailed consideration of the effects of baffling parts of the surfaces of
cylindrical and spherical transducers, which ensures their unidirectionality. The technique for
the experimental investigation of the acoustic interaction between transducers (or between the
mechanically isolated parts of the same transducer) is also analyzed. Since the baffles have an
effect on the acoustic near field, the interactions can rarely be treated analytically for practical
transducer configurations, hence more reliable characterization of the interaction can be ob-
tained through an experimental investigation.

The results obtained in the Part II are used in Part III of the book titled “Calculating trans-
ducers of different types” for synthesizing equations that describe the detailed operation of
transducers of various configurations: cylindrical (Chapter 7), spherical (Chapter 8), plates and
beams vibrating in flexure (Chapter 9) and bar transducers (Chapter 10).

Chapter 7 presents a study of cylindrical transducers that employ multimode extensional
and flexural vibration of complete and incomplete cylinders (slotted cylinder projectors are also

considered) for various practical applications. Different modes of the cylinder polarization are



considered, including the tangential polarization (with striped electrodes). An extensive study
is provided of the effects of coupled vibrations on the electromechanical and acoustic perfor-
mance of transducers that employ cylindrical piezoelements having finite thickness to diameter
aspect ratios. Chapter 8 covers transducers which employ general multimode extensional vibra-
tions of complete and incomplete piezoceramic spherical shells, (hemispherical in particular).
The baftling of the parts of the surface that allows using multiple modes of vibration for unidi-
rectional transducer operations is also considered.

In Chapter 9, a general analysis is provided of transducers which feature flexural vibrations
of circular and rectangular piezoceramic plates (beams), including non-uniform over thickness
and radius (length) transducer designs. Optimizing the effective coupling coefficients of the
transducers is considered making use of the nonuniformity of the distribution of deformations
in the volume of the plates. Corrections for transducer parameters due to a finite thickness to
radius (length) ratio of the plates are taken into account. It is then concluded that the accuracy
with which the wave numbers can be predicted substantially depends on the aspect ratio (espe-
cially for the higher modes of vibration) and presenting their values without the notion of the
aspect ratios is not appropriate.

In Chapter 10, the length expander bar transducers are considered Transitions of configu-
rations of bars to thickness vibrating plates at different polarizations and related dependencies
of their effective coupling coefficients on the aspect ratios are considered using the technique
of coupled vibrations. Relatively small attention is paid to the widely used Tonpilz transducer
designs because they have already been described in detail in the available literature.

Part IV (Chapters 11 through 15) is titled: “Some aspects of the transducers designing.”

In Chapter 11, a review of the existing data and some new results is presented regarding
effects of operating environmental conditions, such as the hydrostatic pressure, temperature,
and drive level on the parameters of piezoceramics. It is emphasized that, under these condi-
tions, the parameters of ceramics may deviate significantly from those that are given in speci-
fications for normal conditions. Moreover, they may differ for samples of ceramics supplied by
different (and even by the same) manufacturers. This must be kept in mind when calculating
the operating parameters of transducers under real conditions and in estimating a reasonable

accuracy of calculation of the parameters. The variations in the parameters of transducers
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intended for operating at great depths can be avoided by using designs, which incorporate hy-
drostatic pressure compensation. Issues related to the practical implementation of the pressure
compensation are examined in Chapter 12 (more general information), in Chapter 13 (regarding
the liquid filled cylindrical projectors) and in Chapter 14 (regarding the hydrophones).

Chapter 13 presents some considerations regarding the practical challenges of the projec-
tors design. Using the concept of the Reserves-of-Strength for improving parameters of the
transducers of different types by optimizing their matching with the acoustic field is considered.
The possibilities of increasing the dynamic and static mechanical strength of the projectors by
prestressing and combining piezoceramic with passive materials in their mechanical systems
are analyzed.

Chapter 14 is dedicated to the design of hydrophones and related issues. The hydrophones
employing different transducer types are classified by the pressure and pressure-gradient hy-
drophones of the diffraction and motion types. Their properties as a source of energy of signal
and internal noise for a receive channel are considered. Special attention is paid to the response
of the hydrophones and accelerometers to unwanted actions and to measures aimed at increas-
ing their noise immunity.

Chapter 15 is crucial for the structure of the book because it introduces the practice of
combining Finite Element Analysis (FEA) with analytical energy methods. This is illustrated
with examples of flextensional and oval transducers. Combining powerful computer-based FEA
techniques that are used to obtain results for vibration mode shapes with the energy method that
yields great physical insight opens up a new area of research collaboration for many transducer
problems. FEA allows the determination of the vibration mode shapes for mechanical systems
that cannot be approximated analytically due to the complexities of the mechanical system and
its boundary conditions.

The book also contains appendices with information on the properties of the piezoelectric
ceramics and passive materials that may be used in transducer designs, and on the properties of
the special functions that are referred to throughout the book.

In summary, the book presents methods for calculating the properties of most common
electroacoustic transducer problems with particular focus on underwater applications. Moreo-

ver, by combining the FEA technique to determine the prerequisite vibration mode shapes with
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the energy method, virtually any transducer type may be analyzed. Still however, when it comes
to choosing and designing a particular transducer for a particular application under demanding
operating and environmental specifications — this remains somewhat of an art. Thus, recom-
mendations of transduction choices for representative problems remain a guide and not a pre-
scription for success.

It is inevitable that the book may contain typographical or content errors and thus the author

would welcome the readers’ comments and notifications of such.

Boris S. Aronov
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