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Theory of Vortex Sound is an introduction to the theory of sound generated by
hydrodynamic flows. Starting with a review of elementary theoretical acoustics,
the book proceeds to a unified treatment of low Mach number vortex-surface
interaction noise in terms of the compact Green’s function. Problems are pro-
vided at the end of each chapter, many of which can be used for extended student
projects, and a whole chapter is devoted to worked examples.

It is designed for a one-semester introductory course at the advanced un-
dergraduate or graduate levels. Great care is taken to explain underlying fluid
mechanical and acoustic concepts, and to describe as fully as possible the steps
in a complicated derivation.

M.S. Howe has been Professor in the Department of Aerospace and Mechanical
Engineering at Boston University since 1992. He is a Fellow of the Institute of
Acoustics (U.K.) and of the Acoustical Society of America.

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/052181281X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
052181281X - Theory of Vortex Sound
M. S. Howe

Frontmatter

More information

Cambridge Texts in Applied Mathematics

Maximum and Minimum Principles
M.J. SEWELL

Solitons
P. G. DrAaZIN AND R. S. JOHNSON

The Kinematics of Mixing
J. M. OTTINO

Introduction to Numerical Linear Algebra and Optimisation
PHILIPPE G. CIARLET

Integral Equations
DAVID PORTER AND DAVID S. G. STIRLING

Perturbation Methods
E.J. HINcH

The Thermomechanics of Plasticity and Fracture
GERARD A. MAUGIN

Boundary Integral and Singularity Methods for Linearized Viscous Flow
C. POZRIKIDIS

Nonlinear Wave Processes in Acoustics
K. NAUGOLNYKH AND L. OSTROVSKY

Nonlinear Systems
P. G. DrRAZIN

Stability, Instability, and Chaos
PAUL GLENDINNING

Applied Analysis of the Navier—Stokes Equations
C. R. DOERING AND J. D. GIBBON

Viscous Flow
H. OckENDON AND J. R. OCKENDON

Scaling, Self-Similarity, and Intermediate Asymptotics
G. I. BARENBLATT

A First Course in the Numerical Analysis of Differential Equations
ARIEH ISERLES

Complex Variables: Introduction and Applications
MARK J. ABLOWITZ AND ATHANASSIOS S. FOKAS

Mathematical Models in the Applied Sciences
A. C. FOWLER
Thinking About Ordinary Differential Equations
ROBERT E. O’MALLEY

A Modern Introduction to the Mathematical Theory of Water Waves
R. S. JonNsoN

Rarefied Gas Dynamics
CARLO CERCIGNANI

Symmetry Methods for Differential Equations
PETER E. HYDON

High Speed Flow
C.J. CHAPMAN

‘Wave Motion
J. BiLLINGHAM AND A. C. KING

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/052181281X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

052181281X - Theory of Vortex Sound

M. S. Howe
Frontmatter
More information

An Introduction to Magnetohydrodynamics
P. A. DAVIDSON

Linear Elastic Waves
JoHN G. HARRIS

Vorticity and Incompressible Flow
ANDREW J. MAIDA AND ANDREA L. BERTOZZI1

Infinite Dimensional Dynamical Systems
JAMES C. ROBINSON

An Introducion to Symmetry Analysis
BriaN J. CANTWELL

Backlund and Darboux Transformations
C. ROGERS AND W. K. SCHIEF

Finite-Volume Methods for Hyperbolic Problems
RANDALL J. LEVEQUE

Introduction to Hydrodynamic Stability
P. G. DrAZIN

Theory of Vortex Sound
M. S. Howg

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/052181281X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
052181281X - Theory of Vortex Sound
M. S. Howe

Frontmatter

More information

Theory of Vortex Sound

M. S. HOWE

Boston University

CAMBRIDGE

» UNIVERSITY PRESS

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/052181281X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
052181281X - Theory of Vortex Sound
M. S. Howe

Frontmatter

More information

PUBLISHED BY THE PRESS SYNDICATE OF THE UNIVERSITY OF CAMBRIDGE
The Pitt Building, Trumpington Street, Cambridge, United Kingdom

CAMBRIDGE UNIVERSITY PRESS
The Edinburgh Building, Cambridge CB2 2RU, UK
40 West 20th Street, New York, NY 10011-4211, USA
477 Williamstown Road, Port Melbourne, VIC 3207, Australia
Ruiz de Alarcén 13, 28014 Madrid, Spain
Dock House, The Waterfront, Cape Town 8001, South Africa

http://www.cambridge.org
(© Cambridge University Press 2003

This book is in copyright. Subject to statutory exception
and to the provisions of relevant collective licensing agreements,
no reproduction of any part may take place without
the written permission of Cambridge University Press.

First published 2003
Printed in the United Kingdom at the University Press, Cambridge
Typeface Times Roman 10/13 pt. System ISIgX  [TB]
A catalog record for this book is available from the British Library.

Library of Congress Cataloging in Publication Data
Howe, M. S.
Theory of vortex sound / M. S. Howe.
p- cm. — (Cambridge texts in applied mathematics)
Includes bibliographical references and index.

ISBN 0-521-81281-X — ISBN 0-521-01223-6 (pbk.)

1. Fluid dynamics. 2. Fluids — Acoustic properties. 1. Title. II. Series.
TA357.H69 2003

620.1'064 — dc21 2002022280

ISBN 0 521 81281 X hardback
ISBN 0 521 01223 6 paperback

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/052181281X
http://www.cambridge.org
http://www.cambridge.org

CAMBRIDGE

Cambridge University Press
052181281X - Theory of Vortex Sound
M. S. Howe

Frontmatter

More information

To Shon Ffowcs Williams

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/052181281X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
052181281X - Theory of Vortex Sound

M. S. Howe
Frontmatter

More information

Contents

Preface

1

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9

Introduction

What is Vortex Sound?

Equations of Motion of a Fluid

Equation of Linear Acoustics

The Special Case of an Incompressible Fluid
Sound Produced by an Impulsive Point Source
Free-Space Green’s Function

Monopoles, Dipoles, and Quadrupoles
Acoustic Energy Flux

Calculation of the Acoustic Far Field

Problems 1

2

2.1
22
23
24
2.5

Lighthill’s Theory

The Acoustic Analogy

Lighthill’s v¥ Law

Curle’s Theory

Sound Produced by Turbulence Near a Compact Rigid Body
Radiation from a Noncompact Surface

Problems 2

3.1
32
33
34

The Compact Green’s Function

The Influence of Solid Boundaries

The Helmholtz Equation

The Reciprocal Theorem

Time-Harmonic Compact Green’s Function

ix

page xiii

R I N N

10
12
13
18
20
23

25
25
29
32
36
37
39

41
41
44
46
49

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/052181281X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
052181281X - Theory of Vortex Sound
M. S. Howe

Frontmatter

More information

X Contents

3.5 Compact Green’s Function for a Rigid Sphere

3.6 Compact Green’s Function for Cylindrical Bodies

3.7 Symmetric Compact Green’s Function

3.8 Low-Frequency Radiation from a Vibrating Body

3.9 Compact Green’s Function Summary and Special Cases
Problems 3

4  Vorticity

4.1 Vorticity and the Kinetic Energy of Incompressible Flow

4.2 The Vorticity Equation

4.3 The Biot-Savart Law

4.4 Surface Force in Incompressible Flow Expressed in Terms
of Vorticity

4.5 The Complex Potential

4.6 Motion of a Line Vortex

Problems 4

5  Vortex Sound

5.1 The Role of Vorticity in Lighthill’s Theory

5.2 The Equation of Vortex Sound

5.3 Vortex—Surface Interaction Noise

5.4 Radiation from an Acoustically Compact Body

5.5 Radiation from Cylindrical Bodies of Compact Cross Section
5.6 Impulse Theory of Vortex Sound

Problems 5

6  Vortex—Surface Interaction Noise in Two Dimensions
6.1 Compact Green’s Function in Two Dimensions
6.2 Sound Generated by a Line Vortex Interacting with

a Cylindrical Body
6.3 Influence of Vortex Shedding
6.4 Blade—Vortex Interaction Noise in Two Dimensions
Problems 6

7  Problems in Three Dimensions

7.1 Linear Theory of Vortex—Airfoil Interaction Noise

7.2 Blade—Vortex Interactions in Three Dimensions

7.3 Sound Produced by Vortex Motion near a Sphere

7.4 Compression Wave Generated When a Train Enters a Tunnel
Problems 7

53
58
63
65
70
79

82
82
84
88

93
100
106
112

114
114
116
124
128
130
131
132

136
136

139
145
150
154

156
156
158
162
166
172

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/052181281X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
052181281X - Theory of Vortex Sound

M. S. Howe

Frontmatter

More information

Contents xi

8  Further Worked Examples 175
8.1 Blade—Vortex Interactions in Two Dimensions 175
8.2 Parallel Blade—Vortex Interactions in Three Dimensions 186
8.3 Vortex Passing over a Spoiler 191
8.4 Bluff Body Interactions: The Circular Cylinder 194
8.5 Vortex Ring and Sphere 199
8.6 Vortex Pair Incident on a Wall Aperture 204
Bibliography 209
Index 213

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/052181281X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
052181281X - Theory of Vortex Sound
M. S. Howe

Frontmatter

More information

Preface

Vortex sound is the branch of fluid mechanics concerned with the conversion
of hydrodynamic (rotational) kinetic energy into the longitudinal disturbances
we call sound. The subject is itself a subsection of the theory of aerodynamic
sound, which encompasses a much wider range of problems also involving, for
example, combustion and ‘entropy’ sources of sound. The book is based on an
introductory one-semester graduate level course given on several occasions at
Boston University. Most students at this level possess an insufficient grasp of
basic principles to appreciate the subtle coupling of the hydrodynamic and
acoustic fields, and many are ill-equipped to deal with the novel analytical
techniques that have been developed to investigate the coupling. Great care
has therefore been taken to discuss underlying fluid mechanical and acoustic
concepts, and to explain as fully as possible the steps in a complicated derivation.

A considerable number of practical problems occur at low Mach numbers
(say, less than about 0.4). It seems reasonable, therefore, to confine an intro-
ductory discussion specifically to low Mach number flows. It is then possible
to investigate a number of idealized hydrodynamic flows involving elementary
distributions of vorticity adjacent to solid boundaries, and to analyze in detail
the sound produced by these vortex—surface interactions. For a broad range of
such problems, and a corresponding broad range of noise problems encountered
in industrial applications, the effective acoustic sources turn out to be localized
to one or more regions that are small compared to the acoustic wavelength. This
permits the development of a unified theory of sound production by vortex—
surface interactions in terms of the compact Green’s function, culminating in a
routine procedure for estimating the sound, and providing, at the same time, an
easy identification of those parts of a structure that are likely to be important
sources of sound. Many examples of this type are discussed, and they are simple
enough for the student to acquire an intuitive understanding of the method of

xiii
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Xiv Preface

solution and the underlying physics. By these means the reader is encouraged to
investigate both the hydrodynamics and the sound generated by a simple flow.
Experience has shown that the successful completion of this kind of project,
involving the implementation of a widely applicable yet standard procedure for
the prediction of sound generation at low Mach numbers, motivates a student
to understand the ostensibly difficult parts of the theory. One or more of the
problems appended to some of the later chapters can form the basis of a project.
The final chapter contains a set of worked examples that have been investi-
gated by students at Boston University. I wish to thank my former students
H. Abou-Hussein, A. DeBenedictis, N. Harrison, M. Kim, M. A. Rodrigues,
and F. Zagadou for their considerable help in preparing that chapter.

The mathematical ability assumed of the reader is roughly equivalent to
that taught in an advanced undergraduate course on Engineering Mathematics.
In particular, the reader should be familiar with basic vector differential and in-
tegral calculus and with the repeated suffix summation convention of Cartesian
tensors (but a detailed knowledge of tensor calculus is not required). An el-
ementary understanding of the properties of the Dirac § function is desir-
able (Lighthill, 1958), including its interpretation as the formal limit of an
e-sequence, such as

(x)=———, 0.
*x) w(x2 + €2) €T
Much use is made of the formula
S(X - xn)
3(f(x)) = Z m,

where the summation is over real simple roots of f(x)=0.
M. S. Howe
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