
Preface

The Basic Concept

As is stated by its title, this is a textbook. It is not a treatise that will make the reader
an expert in any topic. However, it also is not merely an introduction to acoustics.
The intent is to provide students with a foundation of core concepts and tools that
will permit in-depth study of any of the physics and engineering acoustics spe-
cialties. This book, like my others in engineering dynamics and vibrations, is based
on some basic precepts. A textbook must prepare a student to work in an area where
phenomena are complicated. These complications must be addressed in a manner
that is accessible to students. Rather than merely deriving and applying basic
formulas, a textbook should assist the reader to recognize the connection between
formulas and physical phenomena and correspondingly to use understanding of
each of these aspects to anticipate and explain results from the other. Equally
importantly, a well-done text should motivate students for further study by
exposing them to the many remarkable phenomena that make the subject of
acoustics so interesting. In view of these objectives, the coverage is quite com-
prehensive. I have not found some of the topics fully addressed in other textbooks.
Indeed, some I developed especially for this book. Furthermore, almost every
chapter has features that are not commonly encountered in other texts. In my
estimation, complete coverage of all topics would require more than a two-semester
course sequence. In recognition of the conflict between depth and breadth, each
chapter is organized such that instruction of the early sections, which address
fundamental concepts, should be adequate to proceed to the next chapter.

I have taken great care to explain analytical steps, the physical interpretation of
key results, and especially how the student should proceed to solve problems in
each topic. Some of the derivations and explanations I believe are unique to this
book. Examples are numerous, and most are more than simple applications of
derived formulas. Rather, they are intended as case studies that explain why the
example is important, why the solution proceeds as it does, how to perform
unfamiliar operations, what can be learned from the results about fundamental
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behaviors, and why the qualitative aspects of the results are consistent with the
underlying fundamental principles. Some examples analyze systems by more than
one method. This serves to enhance the student’s fundamental understanding of the
underlying physical processes, as well as enhancing the ability to make the
appropriate line of attack when confronted with a new situation. All of the 122
examples are my own creation. With the exception of established standards, all data
and graphs are newly generated. The advent and wide availability of computational
software is exploited to lend greater realism to some examples. When the usage of
software entails any potentially problematic aspects, especially concerning algo-
rithms and their implementation, those issues are addressed explicitly, sometimes
with program fragments. An examination of the List of Examples will help one see
the diversity of the examples that receive this type of treatment. In recognition
of the importance of computations, and as an aid to students to succeed in their
efforts to solve homework exercises, the MATLAB code used to solve the examples
is available for download from the Springer server.

A broad range of physical principles and mathematical concepts arise in the
various topics of acoustics, but students enter the study of acoustics from a variety
of paths. Consequently, it is likely that a student cohort will not have equal
preparation to handle the task at hand. The presentation assumes that the reader is
familiar with the basic concepts of algebra, vector analysis, calculus, and ordinary
differential equations with constant coefficients, but little else. Any aspect of a
derivation or problem solution that has a degree of subtlety is fully explained.
Mathematics is essential, but this book is not a treatise in applied mathematics.
Nevertheless, some topics do require sophisticated operations. If that is the case, the
steps are carefully explained.

One of the features that will not be found herein is extensive use of analogies.
This decision stems in part from the diverse background of students. An analogy
that is meaningful to an electrical engineering student might be merely something
else to learn for a physics student. Furthermore, I believe that one should learn a
subject at its core. Analogies to me are equivalent to listening or reading a foreign
language by translating it mentally. The best way to learn a foreign language is to
become immersed in it, and a thorough immersion is the best way to learn
acoustics. Recognition of connections between subjects is best attained by under-
standing each profoundly.

Technical Content

The organization of the topics is my vision of how the realm of acoustics fits
together. My education was in civil engineering as an undergraduate and then in
engineering mechanics as a graduate student. I had a rather extensive background in
applied mathematics, dynamics, vibrations, and solid and fluid mechanics, but no
formal education in acoustics. (I did become involved for a short time with a project
involving sonic booms prior to embarking on my doctoral work analyzing nonlinear
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vibrations of shells.) My acoustics efforts began six years after I became an assistant
professor. That work was in nonlinear waves, and it caused me to begin to interact
with acousticians. Several years later, I had the good fortune to meet Allan Pierce
when I moved to Georgia Tech. It was he and his wonderful book, Acoustics, that
were responsible for most of my early education in the subject. I continued to work
in nonlinear acoustics and also pursued research in structural acoustics and vibra-
tion. My interests were broadened by teaching a two-semester acoustics sequence
several times. With each meeting of the Acoustical Society of America, I came to
realize how much was left to learn. Writing this book has served to fill that gap
because it has caused me to delve into topics with which I had little prior experi-
ence. This is especially so because I wished that each topic be given an extensive
treatment, and I could not write without thoroughly understanding what I was
writing about.

As I said, the content is organized in a manner that seems to me to be most
logical. Much of Chap. 1 is not specific to acoustics. It introduces the basic tools of
complex representation of harmonic functions, Fourier series, complex frequency
response functions, and fast Fourier transforms, all of which are core concepts for
any discipline that is concerned with oscillations. However, the discussion of fre-
quency bands, musical scales, and noise models distinguishes this treatment from
those for other applications. All readers should find the last example, which ana-
lyzes the spectral properties of noise data measured in the open fuselage of NASA’s
SOFIA aircraft, to be quite interesting.

Chapter 2 is devoted to time-domain analysis of plane waves. One-dimensional
conservation laws are derived as the foundation of the derivation of the wave
equation. The derivation of the d’Alembert solution follows a heuristic, but rigor-
ous, approach. This solution, which describes waves in an unbounded medium, is
used as the building block for construction of solutions for initial conditions and for
boundary excitation of semi-infinite and closed waveguides. This is done by the
development of the method of wave images, which converts multiple reflections to
an equivalent problem in an unbounded medium. This content is somewhat lengthy
to develop, but it offers numerous rewards. Most importantly, it greatly enhances a
student’s ability to switch between spatial and temporal views of waves. The
development introduces some basic phenomena, such as multiple reflections,
standing waves, natural frequencies, modal patterns, and resonance, through a set of
simple operations. Doing so should enhance a student’s desire for further study. The
results of Example 2.7, which concerns the transient response of a closed waveg-
uide that is resonantly excited, are likely to surprise many readers.

Chapter 3 examines from a frequency-domain perspective many of the topics in
Chap. 2. This arrangement is chosen in order to avoid the tendency of students to
forget that acoustics signals evolve in time, as well as propagating spatially. The
frequency-domain formulation is essential because it allows for the development of
techniques that are required for more general systems, and it allows for introduction
of the local impedance model for boundaries. One of the highlights of this chapter is
the analysis of synthetic data for an impedance tube, which amply demonstrates
how small measurement errors can seriously lessen the quality of experimental
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results. The treatment of various dissipation mechanisms and their influence on the
propagation properties is comprehensive, yet it should be accessible to students
who do not have an extensive background in fluid mechanics and thermodynamics.
The treatment of waveguide networks using transfer functions is a concept I refined
for this book. The topic is not essential for later study, but the variety of systems it
can analyze serves to motivate students by allowing them to exercise their cre-
ativity, simultaneously with introducing them to real-world issues.

Chapter 4 focuses on the core principles governing multidimensional waves. The
derivations of the continuity equation and of the momentum-impulse equation differ
from those in Chap. 2 by using the tools of vector calculus, which also are needed
for many later topics. The analysis of plane waves propagating in an arbitrary sense
in a three-dimensional sense introduces the fundamental concept of a wavenumber
vector without simultaneously dealing with the task of solving the wave equation in
several spatial coordinates. The concluding example in Chap. 4 uses a crude model
of the field radiated by a piston to demonstrate the utility of the power balance
principle. Seeing how the combination of a basic principle and some fundamental
reasoning can provide a “back of the envelope” prediction reinforces a student’s
confidence that acoustics is an accessible subject.

Various phenomena that arise when a plane wave is obliquely incident at a
planar interface are the subject of Chap. 5. This chapter establishes the concepts of
subsonic and supersonic trace velocities, which are core factors for a wide range of
later topics. Diagrams illustrating the difference between the propagating and
evanescent transmitted fields enhance the mathematical descriptions. To my
knowledge, the algorithm for propagation through multiple layers has not appeared
in prior publications.

The time-domain analysis of radially symmetric spherical waves opens Chap. 6.
The study of transient radiation from a vibrating sphere is followed by a thorough
exploration of the transient waves in a spherical cavity. The example that illustrates
the analysis of the singularity at the center tends to be especially interesting to
students because it leads to the concept underlying a lithotripter. The sequence of
topics for the frequency-domain analysis of spherical waves follows the
time-domain treatment. Intensity and power flow for combinations of sources
receive special attention. A thorough exposition on the meaning of a Green’s
function leads to the concept of a point source. Combinations of point sources to
create dipole and quadrupole fields are analyzed by Taylor series expansions. The
reader will find the diagrams illustrating various combinations of lateral and lon-
gitudinal quadrupoles to be quite informative. Chapter 6 closes with an examination
of the Doppler effect for various moving sources. The analysis and results for a
supersonically moving, harmonically varying, point source were developed for this
book. Many individuals might be unaware of the effects that are identified.

Radiation from vibrating objects is the subject of Chap. 7. The development
begins with derivation of the general spherical harmonic solution for axisymmetric
signals. The first applications are to vibrating spheres for cases of an imposed
vibration pattern, followed by forced response of an elastic spherical shell. An
important aspect is a detailed examination of the influence of the acoustic surface
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impedance on the occurrence of fluid-loaded resonances. Radiation from infinitely
long cylinders leads to a representation of the field as a result of helical surface
waves. The Kirchhoff-Helmholtz integral theorem for enclosed and open domains is
derived. An example uses the analytical solution for the radially symmetric field
interior to a vibrating sphere to generate the surface pressure required to formulate
KHIT. The pressure along a line running from the center of the sphere out to a
distant location is found by evaluating the integral. Examination of the result very
close to the surface illustrates the analytical prediction that the pressure computed
from the theorem at a field point interior to a radiating body will be the actual
pressure, whereas the computed pressure at any interior point will be zero.
Moreover, it goes on to presage the limiting form known as the Surface Helmholtz
Integral Equation, which is the basis for several boundary element formulations.
Finite length effects for radiation from a cylinder are assessed with a pair of
examples, one for a line source and the other using the Helmholtz integral theorem.
Once again, the objective of these examples is to demonstrate that one can employ
their knowledge of fundamental concepts and the behavior of related systems to
address issues that would not be accessible otherwise. This chapter closes with
treatments of numerical techniques that are frequently used to evaluate radiation
from nonstandard bodies, specifically source superposition, boundary elements, and
finite elements.

Although the field generated by a piston embedded in a baffle is a type of
acoustic radiation, it is treated separately in Chap. 8. This arrangement was chosen
because analytical results are available for a wide range of parameters and locations,
and also because the phenomena have much importance. Students tend to be
motivated by the relevance of the results to their experiences. The standard topics
are addressed, but extensive mappings of the entire field, which recall a classical
computation, are seldom found in other texts. Seeing these properties helps students
understand the rational for a simplified standard model and also serves to place the
various specialized analyses on a common foundation. An example applies the
radiation impedance formulas in combination with Fourier series analysis to eval-
uate the instantaneous power required to make a piston execute a square wave
oscillation. Students interested in transducers find this example to be quite
interesting.

The field within a waveguide is the subject of Chap. 9. First to be studied is the
Webster horn equation for one-dimensional waveguides. The closure of this topic is
an example that compares the analysis according to the WKB solution to a
numerical analysis for the case of an extreme narrowing of the cross section. The
discussion of these analyses, which shows that both have faults, is intended to
encourage students to be critical of any results with which they are presented. The
remainder of Chap. 9 is devoted to two-dimensional and three-dimensional rect-
angular and cylindrical waveguides. Modal decomposition of the pressure depen-
dence transverse to the direction of propagation is a common thread. Special
consideration is devoted to the analysis of waveguides whose walls are locally
reactive. An example of the analysis of a two-dimensional waveguide whose walls
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are elastic plates has numerous interesting features, including a novel technique for
identifying dispersion curves.

Chapter 10 is devoted to the sound field within an enclosed region. It begins by
using the waveguide representation to explain the alternative descriptions of the
field as a set of waves that propagate in multiple directions, or as a set of cavity
modes that are standing waves. Both analytical descriptions are developed, with
emphasis on the situations where each is best employed. An example uses an
infinite series of cavity modes to describe the field within a two-dimensional
rectangular enclosure due to a point source. Using the viewpoint of the method of
images to assess the modal solution serves multiple purposes, including refreshing
students' capabilities with earlier topics, recognizing that the selection of an ana-
lytical approach sometimes requires consideration of what one wishes to learn, and
understanding of the computational issues that might arise when a modal
description is used for highly localized excitations. The closure of this chapter
describes two widely employed approximate treatments: the Rayleigh-Ritz method
and an analysis based on Dowell’s approximation. The former is often included in
standard texts, but the latter is relatively recent.

Chapter 11 is devoted to geometrical acoustics. This is a rather thorough
development of the subject, except for the exclusion of mean flow effects. The
development begins with a discussion of the basic concepts associated with the
description of rays and wavefronts. An example of reflection from a spherical
mirror introduces the concept of a caustic. The initial development is limited to
vertically stratified media, which is typified by a large body of water heated from
above. Descriptions of the ray path and time of travel are derived as integrals.
Examples consider a channel whose vertical sound speed varies quadratically with
depth, and a channel whose sound speed profile was suggested as a prototype for
studies of propagation in the ocean. The former leads to a sequence of foci with
increasing range, whereas shadow zones and caustics are displayed for the latter
sound speed profile. Surface reflections are shown to have a major effect. The
treatment of vertically stratified fluids closes with discussions of how an eigenray
may be determined and how energy conservation may be employed to analyze the
amplitude dependence along a ray. The next part of Chap. 11 is devoted to ray
tracing equations, which describe propagation through an arbitrary heterogeneity.
The application of numerical methods to the solution of these equations, as well as
the transport equation, is given a detailed development. The primary example for
these topics analyzes refraction of a plane wave as it passes transversely through a
cylindrical region in which the sound speed is a function of radial distance from the
axis. The field is shown to contain a single caustic. A fine-scale scan shows that the
wavefront is folded after it passes through the caustic, and the numerical evaluation
of the transport equation shows the amplitude enhancement in the vicinity of the
caustic. This chapter closes with the presentation of Fermat’s principle. The cal-
culus of variations is developed here in the context of a proof that the
Euler-Lagrange equation derived from Fermat’s principle is the same as the general
ray tracing equations.
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Scattering from bodies surrounded by a fluid is the subject of Chap. 12. The
Born approximation is derived and employed to evaluate monostatic scattering of a
plane wave at arbitrary incidence to a cylindrical region containing a second fluid.
Rayleigh scattering and its relation to the Born approximation are the next topic.
The metrics commonly sought from a scattering study, such as target strength, are
discussed. After that, Kirchhoff scattering theory and its relation to geometrical
acoustics are explored. This chapter closes with the application of spherical har-
monics to analyze scattering from a rigid sphere and a spherical shell. These studies
shed light on the transition from Rayleigh to Kirchhoff scattering, as well as the
fundamental importance of fluid loading relative to elasticity.

Chapter 13 closes the textbook with an exploration of nonlinear acoustic anal-
yses and phenomena. The bulk of the chapter is devoted to simple plane waves. The
Riemann solution, which is derived by the method of characteristics, is used as the
foundation for qualitative and quantitative explorations of the distortion of wave-
forms and spatial profiles. Graphical interpretations are given much attention. FFT
analysis of waveforms in an example of a multiharmonic excitation is used to
anticipate the Fubini-Ghiron analysis of frequency content. Identification of criteria
that mark the existence of shocks is followed by derivation of the
Rankine-Hugoniot relations for weak shocks. These conditions lead to the
equal-area rule for fitting shock discontinuities to a waveform. A numerical algo-
rithm for implementing the equal-area rule is developed and applied to monitor an
initially harmonic signal from its inception to the old-age stage. This development
goes on to apply the equal-area rule to follow propagation of an initial square wave,
which ultimately leads to explanation of the phenomenon of acoustic saturation.
A nonlinear wave equation is derived as the basis for study of multidimensional
nonlinear waves. Its first usage leads to differential equations governing the position
dependence of Fourier series coefficients for a plane wave. The effects of dissipation
are incorporated into these equations, which are solved numerically. The solution
illustrates how dissipation effects tend to work counter to nonlinear distortion
effects. Perturbation analysis techniques for the nonlinear wave equation are
developed on the foundation of plane waves and then extended to radially sym-
metric spherical waves. This chapter closes with a study of the waves that radiate
from a periodically supported vibrating plate. One of the interesting results of that
analysis is interpretation that rays rotate periodically based on the tangential particle
velocity. The result is the formation of caustics that periodically move closer and
farther from the plate. These phenomena are not observed in nonlinear plane waves
nor in any type of linear acoustic wave.

Although the overriding precept of the text is that all topics must be fully
explained as they arise, two appendices are provided for further assistance. One is
devoted to derivation of the coordinate transformations and vector differential
operators in spherical and cylindrical coordinates. The second describes Fourier
transforms and their application. Fourier transforms are invoked in the body of the
text only for a few topics. One such situation is the analysis of radiation from a
cylinder whose vibration pattern varies arbitrarily in the axial direction. The means
for lessening the importance of this mathematical tool is the numerical
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implementation of FFT concepts. Nevertheless, familiarity with Fourier transforms
is an essential skill for advanced studies, as well as for understanding much of the
technical literature. This recognition was the primary reason that this mathematical
tool was included.

Allan Pierce, in the Preface to Acoustics, wrote that “…a deep understanding of
acoustical principles is not acquired by superficial efforts.” I fully agree with this
statement, yet somewhat paradoxically believe that such understanding is accessible
to all students. The key is the support afforded to the student by the instructor,
textbook, and supporting materials. I cannot do much about the discourse between
student and instructor, but I have done my best to address the formal foundation for
instruction. It is up to you, the reader, to decide whether I have met my objectives.

Dunwoody, GA, USA Jerry H. Ginsberg

xviii Preface



http://www.springer.com/978-3-319-56843-0




