CODEN

THE JOURNAL
of the

Acoustical Society of America

1-4966

Vol. 102, No. 2, Pt. 1

August 1997

ACOUSTICAL NEWS—USA
USA Meetings Calendar

ACOUSTICAL NEWS—INTERNATIONAL
International Meetings Calendar

REVIEWS OF ACOUSTICAL PATENTS

SELECTED RESEARCH ARTICLE [10]
Biomimetic sonar recognizes objects using binaural information

GENERAL LINEAR ACOUSTICS [20]

The acoustic finite integration technique for waves of cylindrical
symmetry (CAFIT)

An experimental investigation of the propagation of sound over a
curved, rough, rigid surface

Focusing and imaging using eigenfunctions of the scattering
operator

Acoustic axisymmetric radiation and scattering from bodies of
revolution using the internal source density and Fourier methods

Space-time far-field representation of Green’s functions for cross-
plane shear waves in general transversely isotropic media

NONLINEAR ACOUSTICS, MACROSONICS [25]
Focusing of N waves in air by an ellipsoidal reflector

Dissipative effects on Bjerknes forces between two bubbles

AEROACOUSTICS, ATMOSPHERIC SOUND [28]
Sound scattering from a moving turbulent medium
Acoustic scattering by atmospheric turbules

Low Strouhal number instabilities of flow over apertures and wall
cavities

Measurements of small-caliber ballistic shock waves in air

UNDERWATER SOUND [30]

Further consideration of the waveguide propagation of ambient
sound in the ocean-surface bubble layer

Sound scattering by an air bubble near a plane sea surface
High-frequency bistatic scattering by sub-bottom gas bubbles

(Continued)

Roman Kuc

A. Peiffer, B. Kahler, S. Petzold

James P. Chambers, Yves H.
Berthelot

T. Douglas Mast, Adrian I.
Nachman, Robert C. Waag

Peter R. Stepanishen

Martin Spies

Wayne M. Wright, David T.
Blackstock

Alexander A. Doinikov

Zhen Ye

George H. Goedecke, Harry J.
Auvermann

M. S. Howe

Roland Stoughton

Zhen Ye

Zhen Ye, Christopher Feuillade

Dezhang Chu, Kevin L. Williams,
Dajun Tang, Darrell R. Jackson

663
672

674
674

676

689

697

707

715

726

733

741

747

752
759

772

781

788

798
806


getpdf?KEY=JASMAN&cvips=JASMAN000102000002000674000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000676000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000707000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000715000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000726000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000733000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000697000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000689000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000741000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000747000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000752000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000759000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000772000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000781000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000788000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000798000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000806000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000663000001

THE JOURNAL OF THE ACOUSTICAL SOCIETY OF AMERICA

VOL. 102, NO. 2, PT. 1, AUGUST 1997

CONTENTS—Continued from preceding page

Reconstruction of the velocity and density in a stratified acoustic
half-space using a short-pulse point source

Extraction of a target scattering response from measurements made
over long ranges in shallow water

Inversion of bottom/subbottom statistical parameters from acoustic
backscatter data

Inverse scattering from arbitrary two-dimensional objects in
stratified environments via a Green'’s operator

Matched-field evaluation of acoustic scattering from Arctic ice
A novel approach to sound scattering by cylinders of finite length

On the use of matched-field processing and hybrid algorithms for
vertical slice tomography

Jiasu Cao, Sailing He
Angie Sarkissian
Altan Turgut

James W. Wiskin, David T. Borup,
Steven A. Johnson

Tarun K. Kapoor, Henrik Schmidt
Zhen Ye

Michael I. Taroudakis, Maria G.
Markaki

ULTRASONICS, QUANTUM ACOUSTICS, AND PHYSICAL EFFECTS OF SOUND ([35]

High-resolution analysis of the complex wave spectrum in a
cylindrical shell containing a viscoelastic medium. Part |. Theory
and numerical results

High-resolution analysis of the complex wave spectrum in a
cylindrical shell containing a viscoelastic medium. Part II.
Experimental results versus theory

On the measurement of residual stress through changes in critical
angle

Scattering of elastic waves from thin shapes in three dimensions
using the composite boundary integral equation formulation

STRUCTURAL ACOUSTICS AND VIBRATION [40]
Experimental study of sound scattering by elastic spheroids

Energy flow analysis for curved beams

Elasto-acoustics of a two-dimensional thin strip by a hybrid method

Closed form solutions to the vibroacoustic response of strip
structures

Modal impulse response and wave vecteftime domain methods to
evaluate transient radiation from axisymmetric planar radiators

Robust feedback control of flow-induced structural radiation of
sound

NOISE: ITS EFFECTS AND CONTROL [50]
Effects of high-sided vehicles on the performance of noise barriers

Study of the acoustic feedback problem of active noise control by
using thel; and |, vector space optimization approaches

Ground effect for A-weighted noise in the presence of turbulence
and refraction

ACOUSTIC SIGNAL PROCESSING [60]

Three-dimensional noise field directionality estimation from single-
line towed array data

PHYSIOLOGICAL ACOUSTICS [64]
Effects of middle ear pressure on otoacoustic emission measures

Intermodulation components in inner hair cell and organ of Corti
responses

Otoacoustic emissions, hair cells, and myosin motors

(Continued)

Johannes Vollmann, g Dual

Johannes Vollmann, Roger Breu,
Jug Dual

John J. Ditri

Yijun Liu, Frank J. Rizzo

X. L. Bao, Herbert"lberall,
J. Niemiec

A. Le Bot, M. N. Ichchou,
L. Jezequel

Michael EI-Raheb
Carina Ting, I. Y. Shen

Jie Sun, Peter R. Stepanishen
Craig M. Heatwole, Matthew A.

Franchek, Robert J. Bernhard

D. C. Hothersall, S. A. Tomlinson
Mingsian R. Bai, Tianyau Wu

Keith Attenborough, Kai Ming Li

Ronald A. Wagstaff, J. Newcomb

Ming Zhang, Paul J. Abbas
M. A. Cheatham, P. Dallos

Geoffrey A. Manley, Lothar Gallo

815

825

833

853

865
877
885

896

909

921

926

933

943

955
968

979

989

998
1004

1013

1023

1032
1038

1049


getpdf?KEY=JASMAN&cvips=JASMAN000102000002000815000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000825000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000833000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000853000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000865000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000877000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000885000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000896000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000909000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000921000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000926000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000933000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000943000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000955000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000968000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000979000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000989000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002000998000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001004000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001013000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001023000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001032000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001038000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001049000001

THE JOURNAL OF THE ACOUSTICAL SOCIETY OF AMERICA

VOL. 102, NO. 2, PT. 1, AUGUST 1997

CONTENTS—Continued from preceding page

The representation of concurrent vowels in the cat anesthetized
ventral cochlear nucleus: Evidence for a periodicity-tagged spectral
representation

Two separate codes for missing-fundamental pitch in the human
auditory cortex

PSYCHOLOGICAL ACOUSTICS [66]

Harmonic fusion and pitch shifts of mistuned partials
Multiband detection of energy fluctuations

The effects of two temporal cues on pitch judgments

Modulation detection interference with two-component masker
modulators

The effects of randomizing values of interaural disparities on
binaural detection and on discrimination of interaural correlation

SPEECH PRODUCTION [70]

Characteristics of a pulsating jet through a small modulated orifice,
with application to voice production

SPEECH PERCEPTION [71]

Perceptual compensation for coarticulation by Japanese quail
(Coturnix coturnix japonica)

SPEECH PROCESSING AND COMMUNICATION SYSTEMS [72]

Speech enhancement using state-based estimation and sinusoidal
modeling

Incorporating phonetic properties in hidden Markov models for
speech recognition

MUSIC AND MUSICAL INSTRUMENTS [75]
Simple model of a piano soundboard

BIOACOUSTICS [80]

Detection of temporal gaps in noise in dolphins: Evoked-potential
study

Simulation of ultrasonic pulse propagation through the abdominal
wall

The longitudinal vibration response of a curved fiber used for laser
ultrasound surgical therapy

Bioacoustic behavior of African fishes(Mormyridae ): Potential cues
for species and individual recognition inPollimyrus

Vocal tract length and formant frequency dispersion correlate with
body size in rhesus macaques

Sound radiation of 3-MHz driven gas bubbles

LETTERS TO THE EDITOR

An improved approximation for wave propagation above an
impedance ground in a medium with a linear sound-speed profile
[28]

Symmetrical oscillation modes in choked-jet edge tones and screech
from rectangular nozzles[28]

(Continued)

Suzanne E. Keilson, Virginia M.
Richards, Bradley T. Wyman,
Eric D. Young

I. Winkler, M. Tervaniemi,
R. Natanen

Alain de Cheveighe

John H. Grose, Joseph W. Hall
Robert P. Carlyon

Stanley Sheft, William A. Yost

Leslie R. Bernstein, Constantine
Trahiotis

Luc Mongeau, Nancy Franchek,
Cecil H. Coker, Robert A. Kubli

Andrew J. Lotto, Keith R.
Kluender, Lori L. Holt

Michael E. Deisher, Andreas S.
Spanias

Ramachandrula N. V. Sitaram,
Thippur Sreenivas

N. Giordano

Vladimir V. Popov, Alexander Ya.
Supin

T. Douglas Mast, Laura M.
Hinkelman, Michael J. Orr,

Victor W. Sparrow, Robert C.
Waag

S. N. Makarov, M. Ochmann,
K. Desinger

John D. Crawford, Aaron P. Cook,
Andrea S. Heberlein

W. Tecumseh Fitch

Siegfried Grossmann, Sascha
Hilgenfeldt, Detlef Lohse, Michael
Zomack

Y. L. Li, Michael J. White,
Jianfeng Tai

Dan Lin, Alan Powell

1056

1072

1083

1088
1097
1106

1113

1121

1134

1141

1149

1159

1169

1177

1191

1200

1213

1223

1231

1235


getpdf?KEY=JASMAN&cvips=JASMAN000102000002001056000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001072000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001083000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001088000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001097000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001106000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001113000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001121000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001134000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001141000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001149000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001159000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001169000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001177000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001191000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001200000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001213000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001223000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001231000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001235000001

THE JOURNAL OF THE ACOUSTICAL SOCIETY OF AMERICA VOL. 102, NO. 2, PT. 1, AUGUST 1997

CONTENTS—Continued from preceding page

Comments on “The attenuation and dispersion of sound in water Zhen Ye 1239
containing multiply interacting air bubbles” [J. Acoust. Soc. Am.

99, 3412-3430(1996] [30]

Response to “Comments on ‘The attenuation and dispersion of C. Feuillade 1242
sound in water containing multiply interacting air bubbles’” [J.

Acoust Soc. Am.102, 1239-1241(1997] [30]

The splitting of dispersion curves for plates fluid-loaded on both X. L. Bao, H. Franklin, P. K. Raju, 1246
sides[40] H. Uberall

ERRATA

Erratum: “Resonant scattering of acoustic waves by ellipsoid air Z.Ye 1249
bubbles in liquids” [J. Acoust. Soc. Am.101, 681685 (1997)]

TECHNICAL NOTES AND RESEARCH BRIEFS 1250
CUMULATIVE AUTHOR INDEX 1251

NOTES CONCERNING ARTICLE ABSTRACTS
1. The number following the abstract copyright notice is a Publisher Item Ident
(PIl) code that provides a unique and concise identification of each individual
lished document. This PIl number should be included in all document delivery requ
for copies of the article.
2. PACS numbers are for subject classification and indexing. See June and Dec
issues for detailed listing of acoustical classes and subclasses.
3. The initials in brackets following the PACS numbers are the initials of the JA
Associate Editor who accepted the paper for publication.

fier
ub-
ests
ember

SA

Street, New York, NY 10013; Fax: 212-301-4060; Telephone: 800-480-P808-

http://www.aip.org/articles.html

Document Delivery: Copies of articles can be ordered for $15 per copy from the
AlIP/Member Society document delivery service “Articles in Physics,” 75 Vari¢ck

480-7497 (in U.S. and Canadaor 212-301-4000; E-mail: articles@aip.org; URL:



getpdf?KEY=JASMAN&cvips=JASMAN000102000002001239000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001242000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001246000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001249000001
getpdf?KEY=JASMAN&cvips=JASMAN000102000002001250000001

ACOUSTICAL NEWS—USA

Elaine Moran
Acoustical Society of America, 500 Sunnyside Boulevard, Woodbury, New York 11797

Editor’s Note: Deadline dates for news items and notices are 2 months prior to publication.

New Fellows of the Acoustical Society of America

Teruji Yamamoto—~For contri-
butions to the acoustics of perfor-
mance spaces.

R. Craig Olson—For contribu-
tions to underwater acoustics.

Appreciation to the 1996 reviewers of ﬁttalal; N. - gﬂam I':/'-LJ-L
; ; ttenborough, K. eranek, L. L.
manuscripts submitted to the  Journal AU W, W. L. Berg, B,

The quality and dependability of the information contained in the ar- Augspurger, G. L. Berg, K. M.
ticles and letters published in th#ournal of the Acoustical Society of Avan, P. Berge, T.
Americaare assured through the competent peer reviewing contributed byyers, G. Berglund, B.
the reviewers that our Associate Editors enlist each year. The reviews showyers, R. D. Berke, G. S.
evidence of the reviewers’ diligence and dedication to the Society and tqwyers, T. J. Berman, D. H.
their profession. In appreciation to the reviewers for these anonymous seBachman, R. Bernard, M.

vices to theJournaland its authors during 1996, the Editor-in-Chief grate- gacon, S.
fully publishes their names in alphabetical order without identification of gadin, p.

Bernhard, R. J.
Bernstein, J. J.

their review specialities or of the articles that they reviewed. In such a |°”913aer, T Bernstein, L.
list (1479 some errors and omissions are certain to occur. If you reviewedBa”ey’ P.J. Berry, A. C.
any Journal article or letter in 1996 but your name has been omitied Baken. R. J. Berry, D. A.
misspelled, please accept our apology and send a correction promptly to th%aker,’A. C. Bert, C W.

Editor-in-Chief. Thank you.

Baker, C. R. Berthelot, Y. H.
DANIEL W. MARTIN Ballandras, S. Best, C.
Editor-in-Chief Ballato, A. Beyer, R. T.

Barber, B. P. Bhat, R. B.
1996 JASA Peer Reviewers Barbone, P. E. Bianco, B.
Abawi, A. Allard, J.-F. Barger, J. E. Bickley, C.
Abbas, P. J. Allen, J. B. Bargones, J. Y. Bielak, J.
Abdala, C. Allen, P. Barin, K. Bilger, R. C.
Abel, S. Anderson, A. Barron, M. Bilsen, F.
Accorsi, M. L. Anderson, M. J. Barry, W. J. Bird, J. F.
Ackerman, H. Andrew, R. Barthe P. G. Birdsall, T. G.
Adams, S. G. Andrews, M. Bartram, J. F. Bishop, G. C.
Adler, L. Apfel, R. E. Bass, H. E. Bissinger, G. A.
Agullo, J. Arehart, K. Baumann, W. T. Blake, W. K.
Ainslie, M. Arnott, W. P. Bautista, E. Blamey, P.
Akahane-Yamada, R. Ashmore, J. F. Beckman, M. Blauert, I. J.
Akay, A. Askenfelt, A. G. Beitel, R. E. Blauert, J. P.
Albert, D. G. Aslin, R. N. Bell, A. E. Bloothoft, G.
Alcantara, J. I. Assman, P. Bell-Berti, F. Bog L-J.
Alipour, F. Astor, M. Benkeser, P. Boettcher, F. A.
Alku, P. Atchley, A. A. Bennett, S. Bohn, O-S.

663  J. Acoust. Soc. Am. 102 (2), August 1997

0001-4966/97/102(2)/663/10/$10.00

© 1997 Acoustical Society of America

663



Bond, L. J.
Bonfils, P.
Bongiovanni, K.
Boone, M. M.
Booth, N.
Boothroyd, A.
Borgiotti, G. V.
Bork, 1.
Bostran, A.
Bottega, W. J.
Botteldooren, D. B.
Bouchard, M.
Boucher, C. C.
Boucher, D.
Boutillon, X.
Bowen, D. L.
Boyce, S. E.
Boyle, F. A.
Boyles, C. A.
Bradley, C. E.
Bradley, J. S.
Bradlow, A.
Braida, L.
Brass, D.
Breazeale, M. A.
Bregman, A.
Brennan, M. J.
Brewster, J.
Briers, R.
Briggs, G. A. D.
Brill, D. W.
Brooke, G. H.
Broschat, S. L.
Brown, A. M.
Brown, C. J.
Brown, D. A.
Brown, J.
Brown, J. C.
Brown, M. G.
Brown, W. S., Jr.
Brownell, W. E.
Bruce, G.
Brudner, T. J.
Bryne, C. L.
Bucaro, J. A.
Bucker, H.
Buckingham, M. J.
Buckley, K. M.
Buell, T. N.
Burdisso, R. A.
Burkard, R. F.
Burke, J. E.
Burnett, D. S.
Burns, E.
Burroughs, C. B.
Bushy, P. A.
Busch-Vishniac, I. J.
Butler, J. L.
Butler, R. A.
Buus, S.

Byrne, D.
Cacace, A. T.
Cahn, J.

Caiti, A.
Calabrese, A.
Campanella, A.
Candy, J. V.
Canevet, G. L.
Cantrell, J. H.
Carbo, R.
Carcione, J. M.

Carey, W. M.
Carlyon, R. P.
Carneal, J. P.
Carney, A.
Carney, L. H.
Carr, C. E.
Carre, R.
Carrell, T.
Carson, P. L.
Carstens, B.
Carstensen, E. L.
Caruso, A. J.
Caspary, D. M.
Cassereau, D.
Castagnede, B.
Castelli, E.
Cato, D. H.
Cawley, P.
Ceperley, P. H.
Chai, J-F.
Chaigne, A. J.
Chakraborty, B.
Chambers, J.
Chamlin, C.
Champoux, Y.
Chamuel, J. R.
Chan, M. K.
Chandiramani, K. L.
Chapman, C. H.
Chapman, D. M. F.
Chapman, R.
Charette, F.
Chase, D. M.
Chattopadhyay, A.
Cheeke, J. D. N.
Cheenne, D.
Chen, E.

Chen, L.

Chen, P-T.
Chen, X.
Cheng, C. H.
Cheng, L.
Chiang, E.
Childers, D. G.
Chimenti, D. E.
Chin-Bing, S. A.
Chisolm, T.
Chiu, C-S.

Cho, Z. H.
Cholewiak, R. W.
Chotiros, N. P.
Chou, W.

Chu, D.

Chu, W. T.
Chu, Y. C.
Church, C. C.
Ciskoski, R. D.
Clark, M., Jr.
Clark, W. W.
Clay, C. S.
Cleveland, R.
Clopton, B. M.
Cochrane, N.
Cody, A.
Cohen, A.
Cohen, Y. E.
Coleman, A. J.
Collins, J. A.
Collins, L.
Collins, M. D.
Collins, M. J.

664  J. Acoust. Soc. Am., Vol. 102, No. 2, August 1997

Colosi, J.
Coltman, J. W.
Colton, D.
Commander, K. W.
Comparin, R. J.
Comte-Bellot, G.
Conklin, H. A.
Conair, J. M.
Cook, P. R.
Cooke, M.
Cops, A.
Cornuelle, B.
Cotaras, F. D.
Couchman, L. S.
Cowan, R. S. C.
Cox, D.

Craig, J. C.
Cranen, B.
Craster, R. V.
Crawford, A. M.
Cray, B. A.
Crouther, C.
Crum, L. A.
Cruttenden, A.
Cullen, P. J.
Culling, J. F.
Cummings, A.
Cummings, W. C.
Cunefare, K. A.
Cuomo, F. W.
Cuschieri, J. M.
Cywiak, M.
Dabirikhah, H.
Dacol, D.

Dahl, P. H.

Dai, H.

Daigle, G. A.
Dalebout, S.
Dalecki, D.
Dalenback, B-I.
d’Alessandro, C. R.
Dancer, A. L.
Dang, J.
Dannenberg, R. B.
Darling, T. W.
Darlington, P.
Daroux, P. A.
Darvennes, C.
Darwin, C. J.
Dassios, G.
Dau, T.

David, P. M.
Davies, H.
Davies, P.
Davis, L.
Dawson, T. W.
Dawson, T. W.
de Billy, M.

de Boer, B.

de Boer, E.

de Cheveigne, A.
de Jong, K.

de Krom, G.

de Moustier, C. P.
Deane, G. B.
DeFilippo, C.

Dehandschutter, W.

DeJong, K.
Dedong, R. G.
Delcomyn, F.
Delgutte, B.

Demany, L. J. D.
Demer, D. A.
de Pijper, J. R.
Demorest, M. E.
Deng, L.
Deutsch, D.
Devaney, A. J.
Dey, S.

Di lorio, D.

Di, X.

Dickey, J. W.
Diebold, G. J.
Diehl, R.
Dimaragonas, A. D.
Ding, L.

Dirks, D.

Dixon, T. L.
Docherty, G.
Doherty, K.
Doll, T. J.

Don, C.

Don, M.
Dooling, R. J.
Dorman, M.
Dosso, S. E.
Doucet, J. R.
Douglas, B. L.
Dowell, E. H.
Dowling, J. P.
Dozier, L.
Dragonette, L.
Drullman, R.
Dubbleday, P. S.
Dubno, J.
Dubno, J. R.
Duda, T. F.
Duifhuis, H.
Dunn, F.
Dushaw, B. D.
Dutoit, T.

Dye, R. H., Jr.
Dywer, R. F.
Ebbini, E.
Ebenezer, D. D.
Eddins, A.
Eddins, D.
Edmonds, P. D.
Edwards, B.
Edwards, J.
Eggermont, J. J.
Eisenberg, L.
Eisler, T.
El-Raheb, M.
Elko, G. W.
Eller, A. I

Ellis, D.
Embleton, T. F. W.
Eriksson, L. J.
Espy-Wilson, C. Y.
Estill, J.

Evans, R. B.
Evans, W. E.
Everbach, E. C.
Eversman, W.
Everstine, G. C.
Every, A. G.
Ewart, T. E.
Faber A.

Fabry, D. A.
Fahey, P. F.
Fahnline, J. B.

Acoustical News—USA

664



Fahy, F. J.
Fant, G.

Fantini, D.
Farag, H. H.
Fastl, H.
Faulkner, A.
Fawcett, J. A.
Fay, R. R.

Feit, D.

Feng, L.
Ferguson, B. G.
Festen, J.
Feuillade, C.
Ffowcs Williams, J. E.
Fidell, S.
Filipczynski, L.
Filippi, P.

Finch, R. D.
Finette, S.
Finley, C.
Fishman, L.
Fitzgibbons, P.
Flattg S. M.
Flege, J. E.
Fletcher, J. M.
Fletcher, N. H.
Florentine, M.
Foote, K. G.
Ford, R.
Formby, C.
Forrest, T. G.
Fourakis, M.
Fowler, C. A.
Fowlkes, J. B.
Fox, R.

Frank, T. A.
Franke, S. J.
Frankenthal, S.
Franks, J. R.
Franzoni, L. P.
Freedman, A.
Freyman, R. L.
Frisina, D. R., Sr.
Frizzell, L. A.
Fu, S.-S.

Fuller, C. R.
Funnell, W. R. J.
Fyfe, K.

Gadd, C.

Gade, A. C. S.
Gaitan, D. F.
Galindo, M.
Gallego-Juarez, J. A.
Galloway, W. J.
Garcia-Bonito, J.
Garrelick, J. M.
Garrett, S.
Gauffin, J.
Gaumond, C. F.
Gaumond, R. P.
Gaunaurd, G. C.
Gauss, R.

Ge, H.

Ge, L-F.
Geddes, E. R.
Geisler, C. D.
Genuit, K.
Georgiadis, H. G.
Gerken, L-A.
Gerratt, B. R.
Gerretson, E.

Gerstoft, P.
Gescheider, G. A.
Gibson, R. L.
Gilbert, K. E.
Gilkey, R. H.
Gillis, K. A.
Gimenez, G.
Gingold, H.
Ginsberg, J. H.
Gitza, O.
Glasberg, B.
Glattke, T. J.
Glegg, S.
Gleich, B.
Godin, O. A.
Goldinger, S. D.
Goldstein, J. L.
Goode, R. L.
Goodman, R.
Gordon, P.
Gordon-Salant, S.
Gorga, M. P.
Goss, S. A.
Gottfried, T.
Gough, G. O.
Goumilevski, A. G.
Grabb, M.
Graham, W. H.
Graham, W. R.
Grantham, W.
Grattan, K. T. V.
Gray, L.
Greaves, R. J.
Green, D. M.
Green, K.
Greenberg, J. E.
Greenberg, S.
Greenlaw, C. F.
Griffin, D. R.
Grose, J.
Grosh, K.
Gudeson, A.
Guigou, C.
Guo, Y.

Guo, Y. P.
Gustafson, G.
Guy, R. W.
Guyader, J.-L.
Guzman, S. J.
Haddadin, O. S.
Hafter, E.

Hall, D. E.

Hall, J. L.

Hall, J. W.

Hall, M. V.

Hall, T.

Halle, P. A.
Hallworth, R.
Hambric, S. A.
Hamernik, R. P.
Hamilton, M. F.
Hammarberg, B.
Handel, S.
Hanna, T. E.
Hansen, C.
Hansen, T. B.
Hansen, U. J.
Hanson, H. M.
Hardcastle, P.
Hardin, J. C.
Harding, A. J.

665  J. Acoust. Soc. Am., Vol. 102, No. 2, August 1997

Hari, R.
Harley, T.
Harrington, J.
Harris, G. R.
Harrison, C.
Hartmann, B.
Hartmann, W. M.
Hartung, K.
Havelock, D. I.
Hay, A. E.
Hayes, M.
Hayward, G.
He, N-J.
Heaney, K.
Heard, G. J.
Heatwole, C.
Hedberg, C. M.
Heffner, H. E.
Helfer, K. S.
Hellman, R.
Hellman, W.
Henderson, D.
Henton, C.
Herbert, R. K.
Hertegad, S.
Herzel, H.
Hewitt, M. J.
Heyman, E.
Hickling, R.
Hillenbrand, J.

Hillenbrand, J. M.

Hines, P. C.
Hirschberg, A.
Hixson, E. L.
Hodgson, M. R.
Hoffman, M. w.
Holford, R.
Holliday, D. V.
Hollins, M.
Holmberg, E.
Holt, R. G.
Holte, L. A.
Hood, L. J.
Hoole, P.
Horner, D.
Horst, J. W.
Hossack, J. A.
Hosten, B.
Hothersall, D. C.
House, A.
House, D.
Houtgast, T.
Houtsma, A. J.
Howard, D.
Howarth, T. R.
Howe, B. M.
Howe, M. S.
Howell, P.
Hua, Y.

Huang, D.
Huang, H.
Huang, W.
Hubbard, A. E.
Hudspeth, K. H.
Hughes, D. H.
Humes, L. E.
Hunt, H.
Hunten, D.
Huntley-Bahr, R.
Hutchins, D. A.
Hynynen, K.

lanniello, J. P.
Idogawa, T.
lgusa, T.

lh, J.-G.
Imaizumi, S.
Imhof, M. G.
Insana, M. F.
Isabelle, S. K.
Isakson, S.
Iverson, P.
lwasa, K. H.
I1zbicki, J-L.
Jackson, D. R.
Jackson, J. L.
Jacobsen, F.
Jacobson, M.
Jaffe, J. S.
Jaffee, J. C.
Jamieson, D. G.
Janata, P.
Jansson, E. V.
Jech, J. M.
Jenkins, J.
Jenkins, W.
Jensen, J. A.
Jerger, J. F.
Jesteadt, W.
Joharapurkar, D.
Johnson, D. H.
Johnson, D. L.
Johnson, K. A.
Johnson, K. O.
Johnson, L.
Johnson, P.
Johnson, R. A.
Johnson, S. A.
Jones, D. E.
Jones, D. F.
Jones, T. S.
Joyce, R. F.
Junger, M. C.
Kabal, P.
Kadambe, S.
Kaduchak, G.
Kalashnikov, A. N.
Kamakura, T.
Kampanis, N. A.
Kang, Y. J.
Karasalo, I.
Kargl, S. G.
Karlsson, I.
Karpur, P.
Kasuya, H.
Kay, K.
Keane, A. J.
Keating, P. A.
Keefe, D. H.
Keller, J.
Keltie, R. F.
Kerwin, E. M., Jr.
Ketten, D. R.
Kewley-Port, D.
Khdeir, A. A.
Kibblewhite, A. C.
Kidd, G. D.
Kidd, G. R.
Kim, D. O.
Kim, K. S.
Kim, M.

Kim, Y-H.
Kimball, C. V.

Acoustical News—USA

665



Kimberley, B. P.
Kindel, J.

King, M. E.
Kinra, V. K.
Kistler, D.
Klauson, A.
Kleiner, M.
Kluender, K.
Knobles, D.

Ko, S-H.

Koch, R. A.
Koehnke, J.
Kohlrausch, A.
Kolaini, A. R.
Kollmeier, B.
Koopmann, G. H.
Kossl, M.
Krakow, R. A.
Kraman, S. S.
Krane, M. H.
Kreiman, J.
Kriegsmann, G. A.
Kringlebotn, M.

Krishnamurthy, A. K.

Krothapalli, A.
Krull, D.
Kubota, H.
Kuc, R.

Kuhl, P. K.
Kumar, A.
Kundu, T.
Kuperman, W. A.
Kurze, U.
Kuttruff, H.
Kuwada, S.
L’Esperance, A.
Ladd, D. R.
Lafleur, L. D.
Lafreniere, D.
Laible, H.
Lakhtakia, A.
Lalande, F.
Lam, C. F.
LaMancusa, J. S.
Langley, R. S.
Larraza, A.
Lataitis, R. J.
Lauchle, G. C.
Laugesen, S.
Laukkanen, A-M.
Laulagnet, B.
Laura, P. A. A.
Law, W.
Learned, R. E.
Lee, C. P.
Lee, H.

Lee, J.

Lee, M.-R.
Lee, Y. P.
Leek, M.
Leighton, T. G.
Lemond, J.
LePage, K. D.
Letcher, S. V.
Levitt, H.

Levy, M.
Lewis, E. R.
Lewis, K. D.
Lewis, N. D.
Lewis, T. J.

Li, S.

Li, Y. L.

Liang, Y-C.
Liberman, A. M.
Lieberman, P.
Liew, K. M.
Light, G. M.
Liliencrants, J. C. W. A.
Lim, R.

Lin, W.

Lisker, L.
Litovsky, R. Y.
Liu, Q-H.

Lizzi, F.

Ljolje, A.
Llemery, A.

Lo Vetri, J.
Long, G.
Longuet-Higgins, M.
Lonsbury-Martin, B. L.
Loughlin, P. J.
Love, R. H.

Lu, Y.

Lucas, R. J.
Lucero, J. C.
Ludwig, R.
Lupien, V.
Luschei, E. S.
Lutfi, R.
Lutgen, S. J.
Lutman, M.

Ly, L.

Lynch, J. F.
Lyon, R. H.
Lyons, A. P.
Ma, X.
Macaulay, M. C.
Mace, B. R.
MacLennan, D. N.
MacMillan, N.
Madanshetty, S.
Madden, J. P.
Madden, T.
Madigosky, W. M.
Madsen, E. L.
Maestrello, L.
Maidanik, G.
Maillard, J.
Makris, N. C.
Mal, A. K.
Mammano, F.
Maniatty, A.
Manis, P. B.
Manley, G.
Mann, A.
Mann, J. A., lll
Manuel, S. Y.
Mao, Y.
Maranda, B.
Margolis, R. H.
Margulies, T. S.
Marin, C.
Maris, H.
Marler, P. R.
Marshall, L.
Marston, P.
Martin, D. W.
Martin, G. K.
Martin, S. A.
Martinez, R.
Mason, C.
Massaro, D.

666  J. Acoust. Soc. Am., Vol. 102, No. 2, August 1997

Mast, T. D.
Masters, W.
Mattei, C.
Matula, T.
Maynard, J. D., Jr.
Mazur, M. A.
McAdams, S.
McCammon, D. F.
McCarthy, E.
McClements, D. J.
McCoy, J. J.
McDaniel, J. G.
McDevitt, T. E.
McDonald, B. E.
McEachern, J. F.
McFadden, D.
McFarland, D.
Meddis, R.
Medwin, H.
Meegan, G. D.
Mellert, V.
Meredith, R.
Mermelstein, P.
Meyer, J.
Michalopoulou, E. Z. H.
Middlebrooks, J. C.
Migliori, A.
Mignerey, P. C.
Mignogna, R. B.
Miki, N.

Miksis, M.
Milder, D. M.
Milios, E. E.
Miller, D. L.
Miller, E. L.
Miller, J. G.
Miller, J. H.
Miller, M. I.
Miller R. D.
Mills, D. M.

Mire, C. T.
Miskiewicz, A.
Moe, J. E.
Moffett, M. B.
Montgomery, A. A.
Moody, D. B.
Moon, S-J.
Moore, B. C. J.
Moore, C. A.
Moore, J. A.
Mooshammer, C.
Moss, C.
Mountain, D. C.
Moura, J. M. F.
Mourad, A.

Muir, T.
Mullennix, J.
Munbhall, K.
Munjal, M. L.
Murakami, H.
Musicant, A. D.
Myer, L.

Myers, M. K.
Myrberg, A. A.
Nabelek, A.
Nachtigall, P. E.
Nagaya, K.
Naghshineh, K.
Nagy, P. B.
Nakayama, K.
Narendran, N.

Nashif, A. D.
Naugolnykh, K. A.
Nava, R.
Nayfeh, A. H.
Naz, P.

Nearey, T.
Nederveen, C. J.
Neely, S. T.
Neff, D.

Nelisse, H.
Nelson, D.
Nelson, P. A.
Newhouse, V. L.
Newman, J.
Nicolas, J.
Nightingale, T. R. T.
Nihei, K.
Nittrouer, S. N.
Noble, J. M.
Nolan, F.

Nolle, A. W.
Nord, L.
Nordebo, S.
Norris, A. N.
Norton, G. V.
Norton, S. J.
Norum, T.
Nossek, J. A.
Novarini, J. C.
Novotny, T.
Nowotny, H.
Nuttall, A. L.
Nyborg, W. L.
Nye, P. W.
Nystuen, J.
O'Brien, W. D., Jr.
O'Brien, W. O.
O’Donnell, M.
O'Keefe, J. P. M.
Ocheltree, K.
Ochmann, M.
Ogden, R. W.
Ogi, H.

Ohala, J. J.
Ohde, R.
Ohgushi, K.
Olson, J.

Onoe, M.

Ophir, J.
Orduna-Bustamante, F.
Orofino, D. P, Il
Orris, G.
Ostrovskii, L.
Ostry, D. J.
Owsley, N.
Oxenham, A.
Ozisik, M. N.
Pace, N. G.
Palmer, A. R.
Palmer, D. R.
Pan, G. J.

Pan, J.
Papadakis, E.
Papazoglou, M.
Parastates, E.
Parham, K.
Park, Y. C.
Parker, K. J.
Parncutt, R.
Parra, J. O.
Parvulescu, A.

Acoustical News—USA

666



Pasterkamp, H.
Pastore, R.

Patterson, J. H., Jr.

Patterson, R. D.
Patton, T. C.
Patuzzi, R.
Paul, H. S.
Pavic, G.
Pawlowicz, R.
Payton, K. L.
Peake, W. T.
Pearson, K.
Pederson, P. C.
Pelissier, M-C.
Pelorson, X.
Peng, H.
Penner, M.
Penrose, J.
Perkell, J. S.
Perrott, D. R.
Peters, R. W.
Peterson, M.
Pfingst, B. E.
Pflug, L.
Phelps, A.
Photiadis, D. M.
Piacsek, A.
Pierce, A. D.
Pierce, J. R.
Piercy, J. E.
Pierucci, M.
Pind, J.
Pinkel, R.
Pinnington, R. J.
Piquette, J.
Pisoni, D.

Pitt, M.

Plack, C.
Plitnik, G. R.
Plomp, R.
Plotkin, E. I.
Polka, L.
Pollack, I.
Pollard, H. F.
Pols, L. C. W.
Ponton, C. W.
Popelka, G. R.
Popper, A. N.
Port, R. F.
Porter, R. J., Jr.
Potter, J. R.
Potty, G.
Povey, M.
Powell, A.
Powell, D. J.
Powell, R. E.
Powers, J. M.
Pressnitzer, D.
Preves, D.
Price, G. R.
Price, P. J.
Prieve, B. A.
Prijs, V. F.
Probst, R.
Prosen, C. A.
Prosperetti, A.
Prosser, W. H.
Pruitt, J.
Purcell, A.
Putterman, S.
Pyle, R. W., Jr.

Pyne, J. M.
Qatu, M. S.

Qi, Y.

Quinlan, D. A.
Quirt, J. D.
Raatgever, J.
Rabbitt, R. D.
Rabinowitz, W. M.
Radlinski, R. P.
Rahim, M.
Rajan, S. D.
Raju, P. K.
Rakerd, B. S.
Ramsay, G. J. T.
Randall, R.
Rankovic, C. M.
Rao, M. D.
Rapids, B.
Raspet, R.
Ravichandran, G.
Rawlins, A. D.
Razavy, M.
Readhead, M. L.
Rebinsky, D. A.
Recasens, D.
Reed, C.

Reid, J. M.
Relkin, E. M.
Remez, R.
Repp, B.
Revoile, S.
Reynolds, S.
Rhode, W. S.
Ribner, H. S.
Rice, D.
Richards, V. M.
Richardson, B. E.
Richardson, W. J.
Ricker, D. W.
Ricks, D. C.
Ridgway, S.
Rink, J.
Robertson, D.
Robertson, J. S.
Robertsson, J. O.
Robins, A. J.
Robinson, D. E.
Robinson, H. C.
Rochet, B.
Rodet, X.
Rodgers, O. E.
Rogers, J. C.
Rogers, P. H.
Rokhlin, S. I.
Rolt, K. D.

Rose, J. H.
Rose, J. L.
Rosen, S.
Rosowski, H.
Rosowski, J. J.
Rossetti, D. J.
Rossing, T. D.
Rossmanith, H. P.
Rouseff, D.

Roy, R.

Royster, J. D.
Royster, L. H.
Rubenstein, D.
Ruckman, C. E.
Ruggero, M. A.
Rumerman, M. L.

667 J. Acoust. Soc. Am., Vol. 102, No. 2, August 1997

Russell, D. A.
Russell, G. A.
Russell, 1. J.
Ryan, J. G.
Saberi, K.

Sachs, M. B.
Sachs, R. M.
Safaeinili, A.
Salama, K.
Saldana, H. M.
Salvi, R. J.
Samar, V. J.
Sammelmann, G. S.
Samuel, A.
Sanderson, M. A.
Sanes, D. H.
Sanghvi, N. T.
Santo-Sacchi, J. R.
Santossa, F.
Sarkar, K.
Sarkissian, A.
Sas, P.
Saunders, J. C.
Sawausch, J.
Scaife, R. P.
Scandrett, C.
Schaafsma, A. S.
Scharf, B.
Schechter, R. S.
Scheinbeim, J.
Schenck, H.
Scherer, K. R.
Scherer, R. C.
Schindall, J.
Schindel, D. W.
Schlauch, R.
Schmerr, L. W., Jr.
Schmidt, A.
Schmidt, H.
Schmidt-Nielson, A.
Schmiedt, R. A.
Schmitt, D. P.
Schneider, B.
Schoenberg, M.
Schoentgen, J.
Schomer, P.
Schouten, M. E. H.
Schroeder, M.
Schroeter, J.
Schuck, P. L.
Schulz, T.
Schum, D. J.
Schumacher, R. T.
Seiner, J. M.
Selamet, A.
Sessarego, J.-P.
Sethares, W. A.
Seybert, A. F.
Sgard, F.
Shackleton, T. M.
Shadle, C. H.
Shaiman, S.
Shamma, S. A.
Shang, E.-C.
Shankar, M. P.
Shannon, R. V.
Shapiro, S. A.
Sharma, A.
Sharp, B.
Shattuck-Hufnagel, S.
Shaw, E.

Sheft, S.
Shenderov, E. L.
Sheng, J.

Shera, C.
Sherman, C. H.
Shields, F. D.
Shigeno, S.
Shin, D. C.

Shinn-Cunningham, B. G.

Shofner, W. P.
Shooter, J. A.
Shung, K. K.
Siderius, M.
Siegel, J. H.
Siegmann, W. L.
Silva, A.
Simmons, J. A.
Sinex, D. G.
Singh, R.

Sinha, B. K.
Sininger, Y. S.
Sinnott, J.
Slaney, M.
Smith, C. C.
Smith, D. E.
Smith, E.

Smith, G.

Smith, J.

Smith, J. O., lll
Smith, K. B.
Smith, L. K.
Smith, P. F.
Smith, R. L.
Smoorenburg, G. F.
Smurzynski, J.
Snell, K. B.
Snowdon, C.
Snyder, S. D.
Sock, R.
Soderman, P. T.
Soize, C.

Soli, S.
Sommerfeldt, S.
Sommers, M.
Sondhi, M. M.
Sorkin, R.
Sornette, D.
Sotirin, B.
Sparrow, V. W.
Spicer, J. B.
Spies, M.
Spiesberger, J. L.
Stack, J.

Stanic, S.
Stanton, T. K.
Stanzial, D.
Stebbins, W. C.
Steinberg, B. D.
Stellmack, M. A.
Stelmachowicz, P. G.
Stepanishen, P. R.
Stergiopoulos, S.
Stevens, K. N.
Stewart, K.
Stinson, M. R.
Stoel-Gammon, C.
Stokes, A. P.
Stoll, R. D.
Stone, M. L.
Story, B. H.
Stotts, S. A.

Acoustical News—USA

667



Stove, L.
Strange, W.
Strasberg, M.
Strawderman, W. A.
Strelioff, D.
Strickland, E.
Strifors, H. C.
Strik, H.

Strong, W. J.
Strybel, T. Z.
Studdert-Kennedy, M. G.
Studebaker, G. A.
Sullivan, E.
Sulter, A. M.
Summerfield, A. Q.
Summers, I.
Summers, V.
Sundberg, J.
Sung, C-C.
Sussman, H.
Sussman, J.
Sutherland, L. C.
Suthers, R. A.
Svirsky, M. A.
Swanson, D. C.
Swift, G.
Swingler, D. N.
Syrdal, A. K.
Szabo, T. L.
Szwerc, R.
Szymko, Y. M.
Tabrikian, J.
Takahashi, D.
Talmadge, C. L.
Talmant, M.

Tan, J.

Tanaka, N.
Tang, D.

Tang, X. M.
Tappert, F.
Tavolga, W. N.
Teghtsoonian, M.
Telschow, K.
Temkin, S.
Ternstrom, S.
Tew, R. H.
Tewary,V. K.
Thibodeau, L.
Thijssen, J. M.
Thomas, D. R.
Thompson, G.
Thompson, L. L.
Thompson, P. O.
Thompson, S. C.
Thompson, W.
Thomson, D. J.
Thorne, P. D.
Thornton, A. R.
Thorsos, E. I.
Thuraisingham, R. A.

668  J. Acoust. Soc. Am., Vol. 102, No. 2, August 1997

Tichy, J.

Tiersten, H. F.

Tindle, C. T.
Ting, R. Y.

Tittman, B. R.

Titze, |. R.
Tjdtta, J.
Tjdtta, S.
Tobey, E.

Tobocman, W.

Todd, N.
Tohkura, Y.
Tohkura, Y-i.
Toksa, M. N.
Tolstoy, A. I.
Tolstoy, I.
Tong, J.
Toole, F. E.
Torston, D.
Trahey, G. E.
Trahiotis, C.

Traunmier, H.

Trehub, S.

Trethewey, M.
Trevorrow, M. V.

Trinh, E.
Trivett, D. A.
Trudeau, M.
Tubis, A.
Tucci, D. L.
Tugnait, J. K.
Tuller, B.
Turner, C.
Turner, J.
Tyack, P.

Tye-Murray, N.

Tyler, R.
Uberall, H.
Ungar, E. E.

Uscinski, B. J.

Uziel, A.
Vaccaro, R.
Vagle, S.

Van den Abeele, K.
van den Honert, C.

Van Dijk, P.

Van Heuven, V.
Van Hoesel, R.
van Hoof, H. A.
van Lieshout, P. H. H. H.
van Santen, J.

van Son, R. J. J. H.

Van Tasell, D.

van Wieringen, A.
Varadan, V. V.

Varade, A.

Vardoulakis, 1.
Vatikiotis-Bateson, E. A.
Veksler, N. D.

Verheij, J. W.
Verrillo, R. T.
Vidmar, P.
Vieira, M. N.
Viemeister, N.
Vilkman, E.
Villchur, E.
Visscher, W. M.
Viswanathan, E.
Voigt, H. F.
Vorlander, M.
Voronovich, A. G.
Vray, D.

Waag, R. C.
Wakefield, G.
Walden, B. E.
Walker, W. F.
Walley, A. C.
Walsh, E. J.
Wandelt, R.
Wang, B-T.
Wang, C-Y.
Wang, L.

Wang, P. P.
Wang, W. D.
Wapenaar, C. P. A.
Ward, W. D.
Warnock, A. C. C.
Warren, R.
Warren, R. M.
Washburn, K.
Watkins, A.
Watson, B. C.
Watson, C.
Watts, G. R.
Wear, K. A.
Weaver, R.
Weaver, R. L.
Webb, J. C.
Weber, D.
Webster, D. B.
Weinberg, H.
Weinreich, G.
Weinstein, B.
Weisenberger, J.
Weismer, G. G.
Wenzel, A. R.
Wenzel, E. M.
Werner, L. A.
Westbury, J. R.
Weston, D. E.
Westwood, E. K.
Whalen, D.
White, B.

White, M. J.
White, P.
Wiederhold, M. L.
Wightman, F. L.
Wwild, M.
Williams, E. G.

Williams, K. L.
Wilson, B.
Wilson, D. K.
Wilson, J. H.
Wilson, O. B., Jr.
Wit, H. P.
Wong, D.
Wong, G. S. K.
Wong, K. M.
Woodhouse, J.
Worcester, P.
Wright, B. A.
Wu, J-r.

Wu, J.

Wu, S. F.

Wu, T-T.

Wu, T-W.
Wurmser, D.
Xiang, N.

Xie, Y.
Yamada, K.
Yamada, R. A.
Yamamoto, T.
Yang, T. C.
Yang, T.-Q.
Yang, Y.

Yates, G. K.
Ye, Z.

Yevick, D.
Yoon, S. W.
Yoshikawa, S.
Yost, W. A.
Yost, W. T.
Young, E. D.
Young, R. W.
Yun, K.
Zabolotskaya, E. A.
Zagzebski, J. A.
Zakarauskas, P.
Zarembowitch, A.
Zeng, F-G.
Zenner, H. P.
Zeroug, S.
Zhang, C.
Zhang, Tao
Zhou, G.

Zhou, J.-X.
Zhu, Q.

Zhu, R.-C.
Zingarelli, R. A.
Ziola, S.
Ziolkowski, R. W.
Ziomek, L. J.
Ziv, M.

Zolotov, E. M.
Zsiga, E.
Zuckerwar, A. J.
Zurek, P.
Zwislocki, J. J.
Zwolan, T.

Acoustical News—USA

668



Report of the Auditor

Published herewith is a condensed version of our auditor's report for calendar year ended 31 December 1996.

Independent Auditors’ Report

To the Executive Council
Acoustical Society of America

We have audited the accompanying statements of financial position of the Acoustical Society of America as of December 31, 1996 and the related
statements of activity and cash flows for the year then ended. These financial statements are the responsibility of the Society’s management. Our responsibility
is to express an opinion on the financial statements based on our audit.

We conducted our audit in accordance with generally accepted auditing standards. Those standards require that we plan and perform the audit to obtain
reasonable assurance about whether the financial statements are free of material misstatement. An audit includes examining, on a test basis, evidence
supporting the amounts and disclosures in the financial statements. An audit also includes assessing the accounting principles used and significant estimates
made by management, as well as evaluating the overall financial statement presentation. We believe that our audit provides a reasonable basis for our opinion.

In our opinion, the financial statements referred to above present fairly, in all material respects, the financial position of the Acoustical Society of
America as of December 31, 1996 and the changes in its net assets and its cash flows for the year then ended in conformity with generally accepted accounting

principles.

CONROQY, SMITH & CO.
12 May 1997
New York, NY

ACOUSTICAL SOCIETY OF AMERICA
STATEMENTS OF FINANCIAL POSITION

AS OF 31 DECEMBER 1996

(With Comparative Totals for 1995

1996 1995
Assets:
Cash and cash equivalents ..........cccocveviiiiieniii e $ 681,225 $3,909,690
ACCOUNES rECEIVADIE.......cciiiiiiie et 285,485 292,474
Marketable SECUNLIES..........ccviviiee e 3,978,955 35,230
Furniture, fixtures and equipment—net............ccceviiieiiieeenineenne 112,526 105,484
Other ASSELS....uuiiiiii ittt e e e s et r e e e s snnrneees 309,756 223,053
Total assets $5,367,947 $4,565,931
Liabilities:
Accounts payable and accrued eXpenses...........ccvcveerieeniennieeninns $ 129,029 $ 249,102
Deferred rEVENUE ........ccuveeiieee et see e ree e ee e siae e e e e snaeeenes 1,048,038 887,657
Deferred rent ability ........cccoeviieiiiiee e 41,326 36,423
Total liabilities $1,218,393 $1,173,182
Net assets:
UNFESHCIE.....eoviiiiie ettt $3,272,177 $2,638,424
Temporarily reStricted ........ccvveiieeeiiie e 391,476 322,054
Permanently restricted .........cccceeviiieiiiie i 485,901 432,271
Total net assets $4,149,554 $3,392,749
Total liabilities and net assets
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ACOUSTICAL SOCIETY OF AMERICA

STATEMENTS OF ACTIVITY FOR THE YEAR ENDED 31 DECEMBER 1996

(With Comparative Totals for 1995

1996
Unrestricted net assets:
Revenue:
DIUBS ...vetiete ettt sttt ettt ene et e ste st e st ene et e nreene e tenneenees $ 508,513
PUDBISRING .. 2,217,577
StANCANAS .....eeeeeeee e e 313,893
MEBELINGS. ...ttt 305,231
Interest and dividends... 133,759
Unrealized gainloSS.......ccveeiieieiiiee i eieee e 252,935
(@] {31 PRSPPI 99,870
Realized gainloSg ......ccoieiiiiiiieiiiet e 34,089
Total unrestricted revenue $3,865,867
Expenses:
PUBIISRING ... $1,823,241
StANAANAS ...t 411,513
Administrative and general . 510,838
MEELINGS ...ttt 313,000
Other EXPENSES. ... .ciiiiiieiiiie ettt 177,563
Total expenses $3,236,155
Increase in net assets before $ 629,712
other changes
Cumulative effect on prior years of _
adoption of SFAS No. 106
Increase in net assets $ 629,712
Net assets released from restrictions:
Satisfaction of program restrictions..........c.cccovcverieenieniienieenieenns 4,041

Increase in unrestricted net assets
and reclassifications

Temporarily restricted net assets:

$ 633,753

CONLHDULIONS .. $ 20,301
INVESTMENT INCOME....eiiiiieiiiiieeee e et 21,213
Unrealized gainloS9.......ceieriiieiieiie et 31,949
Release of reStriCtioNS ..........coiecviiiiee e ( 4,041
Increase (decrease) in temporarily $ 69,422
restricted net assets
Permanently restricted net assets:
Investment income $ 27,616
CONLHDULIONS ..vveeeeeeciiieee e e eesanaees
Unrealized gainloS9.....c.cevieiiieiieiie et 41,597
EXPENSES ..ttt ettt ettt sttt et et a e a et neas (15,583
Increase (decrease) in permanently $ 53,630
restricted net assets
Increase in net assets $ 756,805
Net assets, beginning of year $3,392,749
Net assets, end of year $4,149,554
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1995

$ 461,103
2,304,306
250,990
176,603
268,271
140,873
68,537

$3,670,683

$1,731,188
380,511
519,100
224,495
129,792
$2,985,086

$ 685,597
(79,100

$ 606,497

26,699
$ 633,196

$ 60,253
32,382
22,376
(26,699

$ 88,312

$ 43,463
17,080
30,032
(28,807

$ 61,768

$ 783,276
$2,609,473

$3,392,749
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ACOUSTICAL SOCIETY OF AMERICA
STATEMENTS OF CASH FLOWS
FOR THE YEAR ENDED 31 DECEMBER 1996
(With Comparative Totals for 1995

Total All Funds

1996
Operating Activities:
INCrease iN Net @SSeLS.......cccviiiiiiiieiii e $ 756,805
Adjustments to reconcile net income to net cash provided by
operating activities:

Depreciation and amortization ............ccccceereirieiieeneeneeeeeee 23,973

Unrealized(gain loss on marketable securities..........c..c.c...... ( 326,482
Changes in operating assets and liabilities:

(Increasg decrease in accounts receivable...........ccccooceeeiienne 6,989

Decrease in accrued interest receivable.............cccceovivieeeeen, -

(Increasg in other assets ( 86,703
Increase(decreasgin accounts payable and (120,073
ACCTUEH EXPENSES ...ttt
Increase in deferred rent liability............. 4,903
Increase(decreasgin deferred revenue .........cccoeeveeeveccvveenennn. 160,381
Net cash flows provided by $ 419,794
operating activities _—
Investing Activities
Purchase of furniture, fixtures, equipment and leasehold
improvements................... e e e e e aa—an ($ 31,014
Proceeds from sale of SECUNtIeS ..........coevieiieiiiiiiiciicee e 2,097,286
PUrchase Of SECUITIES .......cccuvvieeiieiciriiee ettt ( 5,714,531
Net cash (used in) provided by ($3,648,259
investing activities _—
Increase (decrease) in cash and cash equivalents ($3,228,46%
Cash and cash equivalents, beginning of year 3,909,690
Cash and cash equivalents, end of year $ 681,225

J. Acoust. Soc. Am., Vol. 102, No. 2, August 1997

1995

$ 783,276

21,004

(193,282

(104,276

34,361

(47,172
151,207

4,903

(146,790

$ 503,232

($ 33,479

2,177,095

$2,143,616

$2,646,848
1,262,842
$3.900,690
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NOISE-CON 98 to be held in Ypsilanti,
Michigan

NOISE-CON 98, the 1998 National Conference on Noise Control En-

$71,587. Send resumes to: Alfrida Coombs, DTS-841, Volpe Center, 55
Broadway, Cambridge, MA 02142. http://www.volpe.dot.gov The U.S.
Government is an Equal Opportunity Employer.

gineering, will be held in Ypsilanti, Michigan on 5—8 April 1998. Ypsilanti USA Meetings Calendar

is 15 miles west of the Detroit Metro Airport and seven miles east of Ann
Arbor. Registration for the meeting will begin on Sunday, 5 April, and the .
technical sessions will begin on Monday morning, 6 April.

A major exhibition of instruments, software, materials, devices, and
services for noise control will be held. It will open with a reception in the
exhibition area on Monday evening, 6 April, and close on 8 April. 21-27 Aug.

The conference is being organized and sponsored by the Institute of
Noise Control EngineeringlNCE) in cooperation with the Society of Au-
tomotive Engineer$SAE).

Robert J. Bernhard of Purdue University will be the General Chairman
for the Conference. J. Stuart Bolton of Purdue and Paul Donavan of General
Motors will serve as the Technical Program Chairs. 7-11 Sept.

The theme of NOISE-CON 98 will b&ransporting Noise Control to
the 21st Century: Planning for a Quiet Futurglthough technical papers in
all areas of noise control engineering are welcome, papers on transportation
vehicle noise sources, noise control materials, and noise control production
are especially welcome.

NOISE-CON 98 will be followed by a SOUND QUALITY SYMPO-
SIUM on 9 April. Patricia Davies of Purdue University and Gordon Ebbitt
of Lear Industries will be the General Chairs. Papers in all areas of sound
quality are welcome. Topics to be covered include automotive sound qual-
ity, metrics for complex sounds, sound quality of motors, appliances, and
components, and HVAC sound quality.

Deadline for receipt of abstracts for both meetings is 16 September
1997, and deadline for receipt of papers to be included in the proceedings of
both the conference and the symposium is 16 January 1998.

The Announcement and Call for Papers is available from the Confer-
ence and Symposium Secretariat, Noise Control Foundation, P.O. Box 2469
Arlington Branch, Poughkeepsie, NY 12603. Telephot®d:4) 462-4006; 1-5 Dec.
FAX: (914 463-0201. E-mail: noisecon98@aol.com. The Announcement
and Call for Papers can be found on the Internet at: http://users.aol.com/
noisecon98/nc98_cfp.html

Regional Chapter News 9-13 Feb.

Delaware Valley:The March meeting was held at the David Sarnoff
Research Center in Princeton, NJ on Thursday, 20 March 1997 jointly with
the ACM—IEEE Chapters. The program was about software for making .
phone calls via the Internet. This meeting was again arranged by DVAS® 8 April
Vice-President Rebecca Mercuri, and had surprises such as a one-week de-
lay, during which the speaker, Dr. Ramalho left the company. However,
Voxware sent an excellent substitute, Dr. Raymond Chen, Director of Re-
search. He showed some superb computer graphics on the big screen at
DSRC, and demonstrated some voice recordings processed by the softwafé 26 June
Voices can be completely disguiséchange your gender without changing
your body. We learned that a Pentium 133 MHz computer is needed to run
Voxware properly.

JON R. SANK 7-12 July

Open Position

Transportation—Related Acoustics Engineer or Physicisifhe

Acoustics Facility of the Volpe National Transportation Systems Center is13—17 Sept.

seeking a senior-level professional to perform acoustic/noise studies related

to transportation. These studies involve the modeling and measurement of

noise emanating from aircraft and ground vehicles. Familiarity with noise

models such as the Federal Highway Administration’s STAMINA model

and the Federal Aviation Administration’s INM model are useful. Applicant 12—16 Oct.
should be cognizant of modern noise measurement and analysis instrumen-

tation and methods. A degree, preferably in engineering or physics, from an
accredited college or university is required. Salary ranges from $55,068 to
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19-20 Sept.

22-24 Sept.

Listed below is a summary of meetings related to acoustics to be held
in the U.S. in the near future. The month/year notation refers to the issue in
which a complete meeting announcement appeared.

1997

1997 Conference on Implantable Auditory Prostheses,
Pacific Grove, CA/Alena Wilson, Conference Coordi-
nator, House Ear Inst., 2100 W. 3rd St., Los. Angeles,
CA 90057; Tel.: 213-353-7086; FAX: 213-413-0950;
E-mail: alena@hei.org; WWW: http://www.rti.org/
ciap97.

American Academy of Otolaryngology—Head and
Neck Surgery, San Francisco, §American Academy
of Otolaryngology—Head and Neck Surgery, One
Prince St., Alexandria, VA 22314; Tel.: 703-836-4444;
FAX: 703-683-5100.

Fifth Annual Conference on Management of the Tinni-
tus Patient, lowa City, IA[Richard Tyler, Univ. of
lowa, Dept. of Otolaryngology—Head & Neck Sur-
gery, 200 Hawkins Dr. C21-3GH, lowa City, |1A 52242-
1078, Tel.: 319-356-2471; FAX: 319-353-7639;
E-mail: rich-tyler@uiowa.edL

Second Biennial Hearing Aid Research and Develop-
ment Conference, Bethesda, M[National Institute
of Deafness and Other Communication Disorders,
301-970-3844; FAX:  301-907-9666; E-mail:
hearingaid@tascon.cdmDeadline for abstracts is 15
March.
134th meeting of the Acoustical Society of America,
San Diego, CA[ASA, 500 Sunnyside Blvd., Wood-
bury, NY 11797, Tel.: 516-576-2360; FAX: 516-576-
2377; E-mail: asa@aip.org, WWW: http://asa.aip]org

1998

1998 Ocean Sciences Meeting, San Diegd,Abreri-
can Geophysical Union, 2000 Florida Ave., N.W.,
Washington, DC 20009, Tel.: 202-462-6900; FAX:
202-328-0566; WWW: http://www.agu.ofg

NOISE-CON 98, Ypsilanti, M[Noise Control Founda-
tion, P.O. Box 2469, Arlington Branch, Poughkeepsie,
NY 12603, Tel.: 914-462-4006; FAX: 914-463-0201;
E-mail: noisecon98@aol.com, WWW: users.aol.com/
noisecon98/nc98_cfp.htfnl8/97

135th meeting of the Acoustical Society of America/
16th International Congress on Acoustics, Seattle, WA
[ASA, 500 Sunnyside Blvd., Woodbury, NY 11797,
Tel.: 516-576-2360; FAX: 516-576-2377; E-mail:
asa@aip.org, WWW: http://asa.aip.@rg

Vienna and the Clarinet, Ohio State Univ., Columbus,
OH [Keith Koons, Music Dept., Univ. of Central
Florida, P.O. Box 161354, Orlando, FL
32816-1354, Tel.: 407-823-5116; E-mail:
kkons@pegasus.cc.ucf.gdu

American Academy of Otolaryngology—Head and
Neck Surgery, San Francisco, §American Academy
of Otolaryngology—Head and Neck Surgery, One
Prince St., Alexandria, VA 22314, Tel.: 703-836-4444;
FAX: 703-683-510Q.

136th meeting of the Acoustical Society of America,
Norfolk, VA [ASA, 500 Sunnyside Blvd., Woodbury,
NY 11797, Tel.: 516-576-2360; FAX: 516-576-2377;
E-mail: asa@aip.org, WWW: http://asa.aip.prg
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ACOUSTICAL NEWS—INTERNATIONAL

Walter G. Mayer
Physics Department, Georgetown University, Washington, DC 20057

Unification of FASE and EAA The conference was a success due to the depth of the technical pro-
gram and the tireless efforts of the Chinese Academy of Sciences. The
About 25 years ago a number of European Acoustical Societies oconference proceedings will be published and distributed in approximately 4
Associations formed the Federation of Acoustical Societies of Europdgo 5 months.
(FASE). FASE held joint symposia and other megtings which were l_JsuaIIy HOMAS H. NEIGHBORS
organlzed by one or more of the member societies. The federation hagCience Applications International Corporation
officers but no individual members other than more than 20 European acoUfycl ean, VA 22102
tical societies and some societies of audiology and a few commissions or
groups of national academies of science. . .
With the advent of EAA, the European Acoustics Association, and Papers pUbllShed In JASJ(E)
EEAA, the East European Acoustics Association, some societies who were . . N
members of two of the three big groups suggested that simplification should A listing of Invited Papers and Regular Papers appearing in the latest
be achieved in a manner satisfactory to all concerned. After many months dfSU€ Of the English language version of the Journal of the Acoustical Soci-

negotiations between FASE and EAA, the two organizations have merge§® Of Japan, JASE), was published for the first time in the January 1995

and FASE has officially ceased to exist as of 1 January 1997. The formefPSU€ Of the Journal. This listing is continued below.

officers of FASE will serve out their terms as consultants to the Board of The May issue of JASHE), Vol. 18, No. 3(1997 contains the follow-
EAA in a purely advisory fashion without any legal rights within EAA. ing papers:
The status of the still existing formal agreement of cooperation be- . )
tween FASE and EEAA has not been resolved yet. One of the difficulties i< Maekawa “Environmental acoustics update” )
that EEAA had a special standing as an Associate Society of FASE anffobert T. Beyer “Nonlinear threads in the coat of acoustics” ]
thus, not being a full member of FASE, could not be included in the mergerK- Ueda, T. Tanaka, and M. Orimoto “Estimation of auditory source width
A history of FASE will be prepared by Paul Fravis (former Secre- for tV\_/o ad_]acent.1/3 o_ctave banq noises with dlﬁerent band levels” .
tary of FASB and R. C. Chiverglast Presidentand will be published by - Imaizumi, M. Kinoshita, S. Kunimatsu, and T. Isei “Sound propagation
EAA in its journal “Acta Acustica united with Acustica.” and speech hearing in a curved reverberant tunnel”

The July issue of JASH), Vol. 18, No. 4(1997 contains the follow-

ing papers:
International Conference on Shallow-Water M. Akiho, M. Haseyama, and H. Kitajima “ARMA direct filter designing
Acoustics (SWAC 97)—Be|J|ng, Apl’l| method to reconstruct FIR digital filters based upon genetic algorithm and
1997 simulated annealing”

M. Ebata, H. Myazono, S. Suzuki, T. Usagawa, and Bertram Scharf “Au-

The International Conference on Shallow-Water Acoust88/AC ditory detection of multiple targets”

'97) was held at the Grand Hotel, Beijing, China on 21-25 April 1997. The H. Morikawa “Analysis, synthesis, and perception of Japanese voiceless
conference was organized by the Chinese Academy of Sciéimstisute of stop consonants based on a pole-zero model”

Acoustics and National Laboratory of Acousdic&eorgia Institute of Tech- Y. Mitani, N. Nakasako, and M. Ohta “A precise estimation method of

nology (USA), and the Naval Postgraduate Sch@d8A) and sponsored by probability distribution based on roughly observed data with quantized

the Office of Naval ReseardiOcean Acoustics PrograftuSA)], Chinese level and its application to acoustic measurement”

Academy of Sciences, National Science Foundation of China, and the China

State Shipbuilding Corporation. The honorary chairman was Prof. Dezhaq»ntemationa| Meetings Calendar

Wang from the Institute of Acoustics, Chinese Academy of Sciences. The

conference chairman was Prof. Renhe Zhang from the National Laboratory ~ Below are announcements of meetings to be held abroad. Entries pre-

of Acoustics, Chinese Academy of Sciences. ceded by arr are new or updated listings with contact addresses given in
Over the 5 days of the conference a broad range of topics on shallowparentheses. Month/year listings following other entries refer to issues of the

water acoustics were covered which focused on the unique environment®ournal which contain full calendar listings or meeting announcements.

associated with all aspects of the shallow-water acoustics. Nonparallel ses-

sions were used to assure conference participants had access to each papeigust 1997

After the opening ceremony, which included presentations by the Chines&6-19 Fechner Day '97: Annual meeting of the Interna-
Academy of Sciences and the US Office of Naval Research, the conference tional Society for PsychophysicsPoznan6/97
was presented in a series of eight sequential sessions: Chinese—USA Cb8-22 3rd EUROMECH Solid Mechanics Conference
operative Research, Theoretical and Computation Acoustics, Sound Propa- Stockholm.10/96
gation and Seafloor Characterization, Effects of Water Column Variability,19—22 International Symposium on Musical Acoustics Ed-
Reverberation and Bottom Scattering, High-Frequency Acoustics/Scattering inburgh.8/96
from Surfaces and Bubbles/Ambient Noise, Acoustic Tomography/Signab1-23 ACTIVE 97 Inter-Noise Satellite Symposium
Processing and Instruments, and Signal Processing. Each session started Budapest6/96
with invited papers which set the framework for the contributed papers thap4—-27 1997 World Congress on Ultrasonics Yokohama.
followed. 4/96

The over 100 attendees were provided with an exceptional social an@5-27 Inter-Noise 97, Budapest2/96
cultural program orchestrated by the conference host. The program starte&a9—31 Pan-European Voice ConferenceRegensburg6/97

with an opening reception which included an enlightening presentation on
the history of Beijing. Evenings included working dinners with one evening September 1997

including a performance of the Beijing Opera. In-depth tours of the Institutel—4 Modal Analysis Conference (IMAC-XV Japan, To-
of Acoustics/National Laboratory of Acoustics were provided which fo- kyo. 10/96

cused on ongoing theoretical and experimental research. The evening of ti&e-12 31st International Acoustical Conference “Acous-
final conference day included a closing ceremony and banquet at the Sum- tics—High Tatra 97,” High Tatra.10/96

mer Palace. Daily tours to sites ranging from the Temple of Heaven to the0—-12 Biennial Conference New Zealand Acoustical Soci-
Summer Palace were part of the social program for accompanying persons. ety, Christchurch4/96, 12/96
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10-12

10-12

15-18

16-19

17-19

18-19
18-20

22-25

23-26
27-28

October 1997
7-10

8-10

23-26

30-31

November 1997

19-21
27-30

December 1997
15-18

675

Biomechanics of Hearing Stuttgart.10/96

*British Society of Audiology Annual Conference
Cardiff, UK. (BSA, 80 Brighton Road, Reading RG6
1PS, UK; Fax:+44 118 936 191p

3rd EUROMECH Fluid Mechanics Conference
Gattingen. 10/96

44th Open Seminar on Acoustics Jastrzebia Gora.
6/97

*Autumn Meeting of the Acoustical Society of Ja-
pan, Hokkaido, Japan.(ASJ, lkeda Bldg., 2-7-7,
Yoyogi, Shibuya-ku, Tokyo, 151 Japan; Fax81 3
3379-1456

4th Mexican Congress on AcousticsGuanajuato4/96
Intonation: Theory, Models and Applications, Ath-
ens.2/97

European Conference on Speech Communication
and Technology Patras2/96

Fluid-structure Interaction in Acoustics, Delft. 10/96
Audio-Visual Speech ProcessingRhodes6/97

1997 IEEE Ultrasonics Symposium Toronto.2/96
Acoustics Week in Canada 1997Windsor.12/96
Reproduced Sound 13Windermere2/97

Swiss Acoustical Society MeetingBern. 6/97

WESTPRAC'97, Hong Kong.10/96
IOA Autumn Conference: Environmental Noise,
Windermere 2/97, 6/97

5th International Congress on Sound and Vibration
Adelaide.10/96

J. Acoust. Soc. Am., Vol. 102, No. 2, August 1997

February 1998
2-6

March 1998
23-27

May 1998
18-22

25-27

June 1998
8-10

November 1998
16-18

23-27

30-4

March 1999
15-19

Ultrasonic Technological Processes-981oscow.6/97

DAGA 98 (German Acoustical Society Meetingzur-
ich. 8/96

*7th Spring School on Acoustooptics and Applica-
tions, Gdarsk, Poland.(B. Linde, Institute of Experi-
mental Physics, University of Gdak, ul. Wita Stwosza
57, 80-952 Gdask, Poland; Fax+48 58 41 31 75;
e-mail: school@univ.gda.pl

Noise and Planning 98 Naples.2/97

EAA/EEAA Symposium “Transport Noise and Vi-
bration,” Tallinn. 10/96

8th International Conference on Hand-Arm Vibra-
tion, Umea.6/97

Joint Meeting of the 16th International Congress on
Acoustics and 135th Meeting of the Acoustical Soci-
ety of America, Seattle 6/97

Inter-Noise 98 Christchurch4/96

ICBEN 98: Biological Effects of Noise Sydney.12/96
5th International Conference on Spoken Language
Processing Sydney.6/97

Joint Meeting of EAA Forum Acusticum and 137th
Meeting of the Acoustical Society of AmericaBerlin.
6/97
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REVIEWS OF ACOUSTICAL PATENTS

Daniel W. Martin
7349 Clough Pike, Cincinnati, Ohio 45244

The purpose of these acoustical patent reviews is to provide enough information for a Journal reader to
decide whether to seek more information from the patent itself. Any opinions expressed here are those of
reviewers as individuals and are not legal opinions. Printed copies of United States Patents may be
ordered at $3.00 each from the Commissioner of Patents and Trademarks, Washington, DC 20231.
[S0001-4966(97)03308-0]

Reviewers for this issue:

MAHLON D. BURKHARD, 31 Cloverdale Heights, Charles Town, West Virginia 25414

HARVEY H. HUBBARD, 325 Charleston Way, Newport News, Virginia 23606

SAMUEL F. LYBARGER, 101 Oakwood Road, McMurray, Pennsylvania 15317

D. LLOYD RICE, 11222 Flatiron Drive, Lafayette, Colorado 80026

CARL J. ROSENBERG, Acentech Incorporated, 33 Moulton Street, Cambridge, Massachusetts 02138-1118
ERIC E. UNGAR, Acentech Incorporated, 33 Moulton Street, Cambridge, Massachusetts 02138-1118

ROBERT C. WAAG, University of Rochester Medical Center, 601 EImwood Avenue, Rochester, New York 14642

5,457,752 5,446,333
43.30.Yj DRIVE SYSTEM FOR ACOUSTIC DEVICES 43.35.Zc ULTRASONIC TRANSDUCERS

Goran Engdahl et al, assignors to ABB Atom AB Yoshihiko Ishida and Makoto Tani, assignors to NGK Insulators,
10 October 1995(Class 381/199 filed in Sweden 29 August 1991 Ltd. o . )

29 August 1995(Class 310/33% filed in the United Kingdom 21
The drive system contains a number of drive devices placed in parallel September 1992

and symmetrically between pressure beams which are included in these . . " . . .
Claim one reads in part: “An ultrasonic transducer unit for use in

devices. The drl\{e deylces comprise a fixture frame inside of Wh'ch therla}oulse-echo ultrasonic investigation at an operating frequency, comprising at
are two drive units with an intermediate mechanical prestress device. Byast 4 piezoelectric ultrasonic wave transmitting element, an acoustoelectric
stacking a number of driving elements on top of each other, drive units withjirasonic wave receiving element consisting essentially of a ZnO single

different lengths may be constructed. —MDB crystal, and electrodes therefor bonded together in an integrated multi-layer
structure in which said transmitting element and said receiving element are
superimposed in the direction of propagation... ."—MDB
5,447,069 5,469,011
43.35.Yb APPARATUS AND METHOD FOR 43.35.Zc UNIBODY ULTRASONIC TRANSDUCER
ULTRASONICALLY MEASURING THE POISSON’'S

Ali R. Safabakhsh, assignor to Kulicke & Soffa Investments
RATIO OF THIN LAYERS 21 November 1995Class 310/325 filed 6 December 1993

A rectangular apertur87 is cut into the center of a single piece of

Eric C. Johnson et al, assignors to The Aerospace Corporation metal33. A stack of piezoelectric crystals is mounted in the aperture so as to

5 September 1995Class 73/60%; filed 29 June 1993

An ultrasonic resonance technique which permits measurement of the
Poisson’s ratio of thin adhesive material specimens is described. The acous-
tic shear and longitudinal velocity are also determined with the system. A
fluid medium is used to couple sound into the specimen.—MDB

5,465,468

43.35.Yb METHOD OF MAKING AN
ELECTROMECHANICAL TRANSDUCER DEVICE

Ronald R. Manna, assignor to Misonix, Incorporated
14 November 1995 Class 29/25.3% filed 28 September 1993

A liquid cooled transducer construction is shown. Cooling liquid
passes through the center of the transducer. Piezoelectric ceramic driving
elements are concentric to the main flow path. O-rings seal the central flow
path from the volume occupied by the driving elements.—MDB
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contact only the ends of the aperture. Bonding #®ls firmly anchored to
the transducer.—MDB

5,477,736

43.35.Zc ULTRASONIC TRANSDUCER WITH LENS
HAVING ELECTRORHEOLOGICAL FLUID
THEREIN FOR DYNAMICALLY FOCUSING AND
STEERING ULTRASOUND ENERGY

Peter W. Lorraine, assignor to General Electric Company
26 December 1995Class 73/64; filed 14 March 1994

e | | 29a <4
An electrorheological fluid has voltage-dependent acoustical properties

which can, for example, alter the velocity of sound, attenuation or the nonsection one stack of piezoelectric eleme22sand a second stad below
linearity in the fluid. In this case the electrorheological fluid consists of it and at 90° orientation, these being two of a number of stacks, encased in

dielectric particles floating in an insulating fluid having voltage-dependent? flexible and water tight tubular housiiZg.—MDB

58 10
?—4 12 } ﬁ/SO 18

20b 30

(R N 8
AR “ i 5,463,694
//, \ 43.38.Hz GRADIENT DIRECTIONAL MICROPHONE
SYSTEM AND METHOD THEREFOR
it \
—= "\,\ Wayne H. Bradley and Richard E. Werner, assignors to Motorola
14 16 31 October 1995(Class 381/9%; filed 1 November 1993
flow properties. By placing a ler0 containing the fluidl6 in front of the Output signals from no more than three similar microphones are pro-

transducer elemert, the focal point of the lens may be altered by applica- c€ssed to produce direction-sensitive pickup of a sound signal. The proces-

tion of a voltage to the lens.—MDB
PRESSURE SOURCE
0

15 109

9 y )1 tog
AN T
5,479,825 y " :

13~ 0°
o me ',/;125 o 141
o
43.35.Zc TRANSDUCERS FOR TRANSMITTING A AT 0 i E— [
AND/OR RECEIVING ULTRASONIC ENERGY N/ i

Paul Wiliams and Bradley M. Pankonin, assignors to ABB ‘q. : 07
Industrial Systems QW ‘7K|5——L
2 January 1996(Class 73/64%; filed 28 January 1993 139 05 1

An application of the transducers disclosed in this patent is the ultrasor output is expected to be of higher-order gradient than the gradient of the
sonic measurement of physical properties of sheets of materials, e.g., webgspective microphones.—MDB
of paper as they are being manufactured. The transducers are constructed
using rectangular bars or circular discs of piezoelectric materia.—MDB

5,473,701
43.38.Hz ADAPTIVE MICROPHONE ARRAY
5,477,101
Juergen Cezanne and Gary W. Elko, assignors to AT&T
43.38.Fx DOWNHOLE ACOUSTIC TRANSDUCER Corporation .
5 December 1995 Class 381/92, filed 5 November 1993
Abderrhamane Ounadjela, assignor to Schlumberger Technology The patent describes a technique for adaptively adjusting the directiv-
Corporation ity of a microphone array to reduce the sensitivity of the array to back-
19 December 1995Class 310/33)% filed in France 6 November ground noise. An example includes an array having a number of micro-
1990 phones. The directivity pattern of the array may be adjusted by varying one

or more parameters so as to create desirable angular orientations of one or
An acoustic transducer intended for use in a well, e.g., an oil well, tomore directivity pattern nulls. Evaluation of parameters is performed under
generate or detect acoustic waves. Depending on the application, the trang-constraint that the orientation of the nulls is restricted to a predetermined
ducer may act as a seismic source or receiver. The figure shows in crossgion termed the background.—MDB
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5,455,869 point of any desired measure can be achieved. In applications where plural
channels are involved, part information indicative of performance parts as-
43.38.Kb LAVALIER MICROPHONE ASSEMBLY signed and recorded on the individual recording channels is also recorded
onto the UTOC area.”—DWM
David Miscavige, assignor to Church of Scientology International

3 October 1995(Class 381/169 filed 19 March 1990
5,471,538

A cage or open shell structure surrounds a microphone to reduce vi213 38.Ti MICROPHONE APPARATUS
bration noise pickup by the microphone due to rubbing against clothing "~ " ]

while providing for attaching to the garment.—MDB Tooru Sasaki and Kaoru Gyotoku, assignors to Sony Corporation

5 473.684 28 November 1995Class 381/9%; filed in Japan 8 May 1993
“A microphone apparatus having a first microphone for picking up a
43.38.Kb NOISE-CANCELLING DIFFERENTIAL desired soundicoming from an arrival directignand a second microphone
MICROPHONE ASSEMBLY with directionality in which sensitivity is low to the desired sound arrival

direction. A sound signal from the second microphone is supplied to a

Charles S. Bartlett and Michael A. Zuniga, assignors to AT&T subtracting circuit through an adaptive filter. The subtracting circuit sub-

Corporation tracts an output signal of the adaptive filter from the sound signal coming

5 December 1995Class 379/38Y: filed 21 April 1994 from the first microphone. A circuit is provided to adjust the adaptive filter
so that the output power of the subtracting circuit is minimized.”—MDB

With emphasis on improved pickup of close sound sources while de-
creasing pickup of distant sounds, as in a telephone handset, for example, 5604.891
“improved microphone performance is achieved by configuring a second- ! !

order derivative microphone assembly in such a way that radially divergenhS 40 Rj 3-D ACOUSTIC INFINITE ELEMENT

near-field input produces a microphone response proportional to a first-ord
spatial derivative of the acoustic pressure field.”—MDB eéASED ON A PROLATE SPHEROIDAL MULTIPOLE
EXPANSION
5,602,811
David S. Burnett and Richard L. Holford, assignors to Lucent
43.38.Md MUSICAL INFORMATION RECORDING Technologies, Incorporated
AND REPRODUCING TECHNlQUE FOR 18 February 1997(Class 395/50% filed 27 October 1994
USE WITH A RECORDING MEDIUM HAVING A This patent describes an improvement over conventional finite element
UTOC AREA techniques that are useful in the field of computational structural acoustics.
“A prolate spheroidal infinite element is used for the modeling of acoustic
Mikio Ogusu et al, assignors to Yamaha Corporation fields in exterior, fluid-filled domains surrounding a structure. This prolate
11 February 1997(Class 369/47. filed in Japan 11 August 1994 infinite element is based on a multipole expansion that describes, to arbitrary

accuracy, any scattered and/or radiated field exterior to a prolate spheroid of
This digital recording and reproducing system uses an optical Mini&"Y eccentricity. The prolate infinite element is readily incorporated in any

) . . ; . . . structural or acoustical finite element code. Structural acoustic modeling
Disk for recording various parts in a musical performance in parallel inde-". ) . .
with the element is several orders of magnitude faster than modeling, at

pendently for mixing and editing purposes and for selective quick access tQ - .
. . . . comparable accuracy, with the well-known and widely used boundary ele-
any segment of the musical recording. “There is generated a rhythm corre: . .

. . N ent method, at least for large-scale problems involving tens of thousands
sponding to a designated tempo and meter of a music piece to be recorde0 dearees of freedom.” For supporting documentation see J. Acoust. Soc
Performance of a musical instrument is started at specific timing accordin% 9 y pp 9 ' ’ ’

o . : m. 96, 2798-28161994.—DWM
to the generated rhythm, and the musical information resulting from the
performance is recorded onto an MBIini Disk). The address on the MD
readout when the performance of the music piece is started is retrieved as a 5604.893
start address of the music piece. After the recording, the retrieved start ! !

address is recorded onto the UTQ@User's-table-of-contentsarea of the 43.40 Rj 3-D ACOUSTIC INFINITE ELEMENT
disk along with the designated tempo and meter. By reading out the starf =" ~"

r
address, tempo and meter to calculate a measure number and start addresé&SED ON AN OBLATE SPHEROIDAL MULTIPOLE
a desired measure on the basis of the read out information, display of EXPANSION
measure number being currently reproduced and quick access to the starting
David S. Burnett and Richard L. Holford, assignors to Lucent
u Technologies, Incorporated
18 February 1997(Class 395/50% filed 18 May 1995

=z .| l=g g}gi‘fL This patent is a companion to patent 5,604,891 reviewed above, shar-
§§ 28 28 ing the same assignors, assignee, and many of the same figures. This patent
S3 éa 'oz‘g 41 uses an oblate, rather than prolate, spheroidal multipole expansion.—DWM
a m
p=] = E
g §, MUSICAL
SIGNAL
. 5,558,191
SERYO = VISPLAY | st Piice
16 ] St START TIHING 60 43.40.Tm TUNED MASS DAMPER
oL, CONTROLLER INSTRUCTLON
18 a3 7 DS ouTION 50 Ming-Lai Lai, assignor to Minnesota Mining and Manufacturing
45 [wpnory | | METRONOAE EE . Company .
DESIGNATION 24 September 1996 Class 181/379 filed 9 March 1995
. ﬁﬁf‘sﬁﬁixcmm 64 This patent pertains to dynamic absorbers, also called “tuned damp-
58 ‘@«K 5 Y0SIC PIECE ers,” that incorporate viscoelastic elements. In such a damped spring-mass
. No. DEstcustion] O system, which is to be attached to an item having vibrations needing to be

suppressed in a narrow frequency range, the viscoelastic element may serve
as both spring and damper, or primarily just as a damper. The patent illus-
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trates a number of conceptual configurations of dynamic absorbers that op- 5,447,066

erate torsionally or translationally in two or three directions.—EEU
43.40.Yg ANGULAR VELOCITY SENSOR HAVING A
TUNING FORK CONSTRUCTION AND ITS
METHOD OF MANUFACTURE

Jiro Terada et al, assignors to Matsushita Electric Industrial
Company
5,558,497 5 September 1995Class 73/504.1§ filed 1 September 1993

Tuning fork vibrators3 and 4 comprise metal base plates with 90°
bends at3a and4a. Piezoelectric element and6 are bonded to the base

p|ates_ An ar <innal annlied tn elemefarndiices vihratinn nf the base
Robert J. Kraft and Robert J. McClelland, assignors to United !

43.40.Tm AIRFOIL VIBRATION DAMPING DEVICE

Technologies Corporation /ﬂﬁ SULAR
24 September 1996Class 416/96 A; filed 31 July 1995 /_/' l I AN
The damper described in this patent consists of a reed-shaped element ’ N VELOCITY

that is built into a rotor blade, and that is intended to damp vibrations of that l
blade as the result of friction between it and the blade. In one version the '
damper is pressed against an internal surface of the blade by a pressure
difference across it that results from suitable venting of cavities in the rotor
blade. Another version relies on centrifugal force to press the damper

against a mating internal surface of the blade.—EEU

5,573,220

43.40.Tm ADJUSTABLE VIBRATION ABSORBING
MACHINERY FOUNDATION MOUNT AND
METHOD FOR TUNING THE SAME

Wayne H. Whittaker et al, assignors to Unisorb, Incorporated
12 November 1996(Class 248/638 filed 30 May 1995

This heavy-duty machinery mount is in the form of a rectangular plat-
form that is supported on legs at its four corners. These legs consist gflates, and Coriolis forces on the base plates due to rotation generate output
rectangular tubes that extend above the platform and that can be filled witkignals through elemengsthat relate to rotation velocity.—MDB
various amounts of different types of resilient pads. Thus the bottom-most
pads make contact with the floor that supports the entire system, and the
stacks of resilient pads provide isolation. A vertical level-adjusting device
consisting of a screw-actuated wedge arrangement is incorporated into the
mounting system.—EEU 5,447,067

43.40.Yqg ACCELERATION SENSOR AND METHOD
FOR MANUFACTURING SAME

Markus Biebl et al, assignors to Siemens Aktiengesellschaft
5 September 1995 Class 73/514.3p filed in Germany 30 March

5,573,334 1993

The acceleration sensor has a proof mass supported by flexible ele-

43.40.Tm HIGH DAMPING COMPOSITE JOINT FOR ments. It is fabricated by micromachining of doped monocrystalline silicon

MECHANICAL VIBRATION AND ACOUSTIC on an insulating substrate. Sensing of movement of the proof mass is by
ENERGY DISSIPATION means of piezoresistors on the flexible elements.—MDB

Roger M. Crane et al, assignors to the United States of America
12 November 1996(Class 403/179 filed 17 October 1994

In a typical, nondissipative joint the end of one memkmich as a 5,461,918
tube fits into a matching opening in the member to which it is to be joined,
and an adhesive in the clearance space serves to connect the two. In a joth,40_Yq VIBRATING BEAM ACCELEROMETER
described by this patent the interface gap is longer than usual, and some of
it is filled with a viscoelastic material. The dimensions and material prop- George Mozurkewich, assignor to Ford Motor Company
erties are chosen so that as the axial load on the joint increases, and the 31 October 1995(Class 73/514.2] filed 26 April 1993
adhesive becomes increasingly plastic, the load is increasingly taken by the  The accelerometer comprises a driven cantilever beam and a sensor to
viscoelastic material. Then vibrations superposed on this static loading argetect resonant flexural vibrations of the beam. Acceleration along the major
damped due to energy dissipation in the viscoelastic materia. —EEU axis of the beam causes changes of resonance frequency. The magnitude of
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as 5,378,435
-

7z senshio l PERIODL 43.50.Gf SILENCER COMBINED WITH CATALYTIC
N7 o N CONVERTER FOR INTERNAL COMBUSTION
DRNE FLTER =) @ ENGINES AND MODULAR DIAPHRAGM ELEMENTS
< 54 58 S 66 FOR SAID SILENCER
42
2z Albino Gavoni, assignor to Gavoni B.G.M. Silenziatori Di Albino
7 Gavoni
10 /__|||’_l 72 A 3 January 1995(Class 422/17Y, filed in ltaly 4 September 1991
L This patent relates to the unigue design of a combined exhaust silencer
7J and catalytic converter for internal combustion engines. Provision is made
= for assembling a series of ceramic elements, such as inorganic refractory
40" 56 60 64
20 DRIVE _| 12 30
= o |(w) TR Y.
52 CEETE ket . 5
f £ F NN 7 i {
2l : iz ‘
o DA

the change in resonance frequency may be measured by a signal processi 1 =3 77 7 Y
circuit whose output may be used to calculate the component of acceleratiol $0a .o S0b SO0c S 50d 50e
along the major axis of the beam.—MDB

oxides and carbides, in the axial direction for catalytic conversion and in the
5.456.109 presence of a peripheral layer of rock wool or fiber glass for sound
T absorption.—HHH

43.40.Yq THICK FILM ROTATIONAL
ACCELEROMETER HAVING TWO STRUCTURALLY
INTEGRATED LINEAR ACCELERATION

SENSORS 5,410,927
Frans P. Lautzenhiser et al, assignors to Delco Electronics 43.50.Gf LOW NOISE PUNCH TOOL
Corporation

10 October 1995(Class 73/514.08 filed 29 March 1993 Hitoshi Omata and Oriya Fujita, assignors to Amada Company

2 May 1995 (Class 83/139; filed 16 July 1993

This patent relates to a low-noise punch tool for mounting on a turret
punch press. Conventional punch tools with shearing action cutters are fitted

A rota_tlonal accelero_meter has a pair of cqpla_mar, operatlonally IN"with urethane pads between the striker and the punch head between the
dependent linear acceleration sensors. Coplanarity is provided by a unltag?

b hich he b h ionally ind d unch driver and the punch guide, and between the stripper plate and the
substrate whic _forms the base structure of the operationally independe orkpiece, in order to minimize noise radiation.—HHH

linear acceleration sensors.” The sensors are piezoresistive electrical

bridges and the substrate is alumina.—MDB

5,456,112

5,575,349
43.40.Yq HIGH ACCURACY LASER
ACCELEROMETER 43.50.Gf SOUNDPROOF TYPE WATER COOLED
ENGINE GENERATOR
Joseph P. Ficalora, assignor to Allied Signal, Incorporated
10 October 1995(Class 73/514.2§ filed 21 December 1993 Takatoshi Ikeda et al, assignors to Denyo Kabushiki Kaisha
19 November 1996(Class 180/68.); filed in Japan 19 October
1993

The laser accelerometer “includes an acceleration sensing proof mass  This patent applies to the noise control of a water-cooled engine gen-
combined with a laser mirror, a laser or optically resonant cavity includingerator. Cooling air is circulated through an enclosure around the engine and
a closed cavity, cathode, anode and a movable path length control mirror, the generator, and exits through an exhaust muffler. A key noise reduction
lens/prismatic readout to combine the two beams, a photo detector to corfeature of the design is the location of the circulating fan remote from the
vert the fringes to a sinusoidal electrical signal and associatedadiator, in order to minimize the inflow irregularities to the fan.—HHH
electronics.”—MDB

5,477,729

43.40.Yq ACOUSTIC EMISSION TRANSDUCER 5,584,661

Claudio Cavalloni, assignor to K. K. Holding AG 43.50.Gf FORWARD SWEEP, LOW NOISE ROTOR

26 December 1995Class 73/587; filed in Switzerland 2 Septem- ~ BLADE
ber 1993
Thomas F. Brooks, assignor to the United States of America

Intended for monitoring of machining processes by detecting the 17 December 199@Class 416/23% filed 6 July 1995
noises created thereby, a transducer is attached to a “measuring object.” In  This patent relates to low-noise rotors for helicopters, particularly
particular, an axially polarized piezoelectric element in the transducer ighose for which impulsive blade-vortex interacti®B\VI) noise may be sig-
pressed onto the object so that a coupling diaphragm is preloaded with mificant. The preferred configuration incorporates about a 35° forward sweep
reproducible force—MDB over the outer 45% of the blade span. In the forward speed range for which
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5,604,812
+\

N 43.66.Ts PROGRAMMABLE HEARING AID WITH
AUTOMATIC ADAPTION TO AUDITORY
CONDITIONS
Wolfram Meyer, assignor to Siemens Audiologische Technik
GmbH
18 February 1997(Class 381/68.2 filed in European Patent Office
6 May 1994

A hearing aid is described that includes a first memory in which au-
diometric data are stored, a second memory in which hearing aid character-
istics are stored, a third data memory in which algorithms are stored, and a
signal analysis unit. It is stated that the characteristics of the amplifier/
transmission circuit can be automatically determined from the edited audio-
metric data, prescribable algorithms, and the current ambient conditions.—
SFL

5,606,620
20

BVI noise dominates, the above geometry details can beneficially affec3.66.Ts DEVICE FOR THE ADAPTATION OF
such noise generation factors as the strength and core size of the tip vortic@ROGRAMMABLE HEARING AIDS

at the times of interaction with a blade, and the interaction angles and Mach

numbers.—HHH Oliver Weinfurtner, assignor to Siemens Audiologische Technik
GmbH
25 February 1997(Class 381/68.%, filed in European Patent Office
2,597,985 23 March 1994
43.50.Gf ACOUSTICALLY INACTIVE This device employs a fuzzy logic system for setting the characteristics
CORRUGATED STRUCTURE of a programmable hearing aid according to the audiometric data of an

individual. The device is a data processing unit with a fuzzy logic module
Terrence A. Dear and Karl U. Ingard, assignors to E. I. DuPont  having an arithmetic unit that processes the hearing impairment data and the

de Nemours and Company characteristic data according to the principles of fuzzy logic. Circuitry and
28 January 1997(Class 181/22: filed 25 May 1995 processing diagrams are shown.—SFL
The characteristic whistle of fluid flow through a corrugated structure 5,606,621

(like a tube is eliminated by varying the pitch of adjacent corrugations. The
pitch of such a corrugated tube is defined as the distance between adjaceA8.66.Ts HYBRID BEHIND-THE-EAR AND
corrugations(peaks. The patent includes prescriptions on how the pitch COMPLETELY-IN-CANAL HEARING AID

should vary. Examples of corrugated tubes where the elimination of the
whistle is most desired include medical applications such as performing

S h James J. Reiter and Gordon Berkholcs, assignors to Siemens
aspiration in an operating room.—CJR

Hearing Instruments, Incorporated
25 February 1997(Class 381/68.§ filed 14 June 1995

5,604,813 A hybrid BTE and CIC hearing aid has a BTE component which is
. worn behind the ear and a CIC component worn in the bony portion of the
43.50.Ki INDUSTRIAL HEADSET ear canal. The components are connected together with a wire cable. Acous-

Robert D. Evans etal, assignors to Noise Cancellation
Technologies, Incorporated
18 February 1997 (Class 381/7}; filed 2 May 1994

This industrial headset system is intended to provide both hearing
protection through active noise reductiGhNR) and to provide two-way
speech communication from audio or radio sources. The circuitry boosts the
low-frequency response characteristic of the speech communication channel
when the active noise cancellation is used simultaneously, to compensate for
low-frequency loss which occurs as a result of active noise cancellation.—
DWM

5,377,546

43.58.Bh MULTI-DEGREE LINEAR LINER
IMPEDANCE TESTING DEVICE

Noe Arcaset al, assignors to Grumman Aerospace Corporation
3 January 1995(Class 73/589; filed 29 January 1992

There is claimed: “1. Apparatus for evaluation of the acoustic imped-
ance of structural members, comprising: spacer means for separating at least
two of said structural members by a predetermined distance; alignment
means for aligning an impedance tube with respect to said structural mem-
bers; means for acoustically sealing said apparatus device such that acoustic
signals generated within said impedance tube are directed onto said struc-
tural members.”—MDB
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tic feedback is said to be reduced, allowing gain to be increased. The 5,572,621
occlusion effect is said to be reduced due to the placement of the CIC

unit.—SFL 43.72.Dv SPEECH SIGNAL PROCESSING DEVICE
WITH CONTINUOUS MONITORING OF
SIGNAL-TO-NOISE RATIO

Rainer Martin, assignor to U.S. Philips Corporation
5 November 1996(Class 395/2.38 filed in European Patent Office
5,613,008 21 September 1993

43.66.Ts HEARING AID When operating a telephone or voice-activated device in a noisy envi-
ronment, such as an automobile, an array of microphones may be arranged
Raimund Martin, assignor to Siemens Audiologische Technik  with adjustable delays from each such that the average of the delayed sig-

GmbH nals contains an improved signal-to-noise characteristic. A typical method
18 March 1997 (Class 381/68.2 filed in Germany 29 January for computing the individual delays depends on a good estimate of the
1992 signal-to-noise ratidSNR) of each microphone signal. This device esti-

mates the SNR of a signal by smoothing the power level, then detecting
successive peaks and troughs in the smoothed power. The peak and trough

In a hearing aid, comprising a microphone, processing circuits formeasures are grouped by phoneme-length intervals such that they ideally
' ' rgpresent signal and background noise, respectively.—DLR

useful signals, an output stage, and transducer, the useful signals ar
sampled at a sampling frequency before the output stage, and converted into
data words as well as being processed in discrete time fashion. The digital 5,572,623
data words are capable of being converted into pulse-duration-modulated
signals without being reconverted into analog signals. Circuitry is43-72-DV METHOD OF SPEECH DETECTION
described.—SFL o ) o

Dominique Pastor, assignor to Sextant Avionique

5 November 1996(Class 395/2.4p filed in France 21 October 1992

This patent discloses improvements to the well-known spectral sub-
traction method of noise reduction, consisting of new strategies for locating
the beginning and end of voice activity. A FFT-based frame energy measure

5,577,160 is used to locate a frame having a high certainty of being voiced speech.
From that point backwards, a low-energy frame is located having energy
43.72.Ar SPEECH ANALYSIS APPARATUS FOR near the long-term minimum and thus likely to be nonspeech. Various strat-
EXTRACTING GLOTTAL SOURCE egies at successively higher processing levels are then applied to examine
PARAMETERS AND FORMANT PARAMETERS the intermediate frames to locate the most likely moment of speech onset.—
DLR

John-Paul Hosom and Mikio Yamaguchi, assignors to Sumitomo
Electric Industries, Incorporated 5,574,824

19 November 1996(Class 395/218 filed in Japan 24 June 1992
43.72.Dv ANALYSIS/SYNTHESIS-BASED
MICROPHONE ARRAY SPEECH ENHANCER WITH
The patent describes various improvements to existing methods oVARIABLE SIGNAL DISTORTION
speech analysis with the goal of combining these methods to achieve a ) ) )
highly accurate analysis procedure. Some of the highlights of the strategy ~ Raymond E. Slyhet al, assignors to the United States of America
are to extract formant one and glottal source parameters together, recogniz- 12 November 1996(Class 395/2.3] filed 11 April 1994
ing their mutual influence, to use only the closed glottis interval for extract-

The device consists of an array of microphones feeding a correspond-

o 50 100 150 200 250 300 327 ing array of analysis filter banks. Signals from one or more sound sources
Z10000 * ; * ! -o199%¢ may be selectively enhanced by choosing between two strategies for pro-
cessing the filter band outputs. Both methods sum the outputs of the corre-
-17536 l-~17536 sponding bands from all microphones, and apply a weighting pattern in the
form of individual band gains before recombining the bands in a synthesis
-21536 | R r=21536 filter. The first weighting method is best for isolating a single source from
'.’ uncorrelated background noise while the second is preferable when there are
-29536 1 i [ 29536 more sources than microphones.—DLR
]
~35536 1 ! - -355336
. 5,577,161
-41536 [ —41536
43.72.Dv NOISE REDUCTION METHOD AND
-47536 - -47536 FILTER FOR IMPLEMENTING THE METHOD
535364 Ip——, PARTICULARLY USEFUL IN TELEPHONE
COMMUNICATIONS SYSTEMS
-~59536- L -59536
Clara S. Pelaez Ferrigno, assignor to Alcatel N. V.
-65336 T T T T T -65536 19 November 1996(Class 395/2.3% filed in Italy 20 September
0 50 100 t50 200 250 300 327 1993

TIME (SAMPLES) This noise reduction system improves the ratio of the speech signal to
ing formant frequencies and bandwidths, and to compensate for phase dithe uncorrelated background noise using a variation of the spectral subtrac-
tortions introduced by analog recording techniques. In general, the strategyon method. Frames of the noisy speech input signal are windowed and
pursued is to filter out competing effects using preliminary estimates beforéourier transformed. Each frame is classified using the probability that
each portion of the high quality analysis.—DLR speech is present given hypotheses that the present frame is similar to cur-
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rent spectral shapes representing speech and noise, respectively. The curreaime was speech or background noise. For speech, the most recent frame
representative spectra are then selectively updated based on the frame clasergy and predictor coefficients are reused to extend the current speech
sification. This provides a running estimate of the noise spectrum, which isound, subject to certain timeouts. For nonspeech sounds, additional

then subtracted from the composite input signal.—DLR smoothing is applied to the energy and predictor parameters, producing a
more averaged background sound.—DLR
5,568,588 5,572,681
43.72.Gy MULTI-PULSE ANALYSIS SPEECH 43.72.Gy SPEECH CODEC AND A METHOD OF
PROCESSING SYSTEM AND METHOD PROCESSING A SPEECH SIGNAL WITH SPEECH

Leon Bialik and Felix Flomen, assignors to AudioCodes Limited CODEC
22 October 1996(Class 395/2.3, filed 29 April 1994 _ S _
. ) o ) ) Makio Nakamura and Akira Hioki, assignors to NEC Corporation

~ This multipulse vocoder design includes two different versions, and a 5 November 1996(Class 395/2.2); filed in Japan 24 August 1992
third which combines elements of the first two. In the first arrangement, a . . o . .
single excitation pulse is estimated from the initial linear prediction residual. ~ 1NiS patent describes the organization of a chip capable of encoding
A synthesized frame is then matched against the input, iterating over a fene Stream of incoming speech sampileg)., from an A/D convertginto a
gain steps above and below the initial estimate, using a maximum likelihoogomPressed format and simultaneously decoding a second stream of com-

criterion. Additional pulses are added, all having the same amplitude as thBréssed speech into a stream of sampeg., for a D/A converter Since
the nature of the encoded compression format is not addressed here, the

patent would perhaps be applicable to a range of techniques from logarith-

g 1 830 83b 83a mic quantization up to, say, CELP vocoding.—DLR
i1 /0 bl Q 4 Q 5,574,823
Q Q

21 Il Q 43.72.Gy FREQUENCY SELECTIVE HARMONIC

0 g CODING
:21 \83c/ Hisham Hassaneinet al, assignors to Canada
3l 12 November 1996(Class 395/2.1Y, filed 23 June 1993
-4 + Harmonic coding consists of representing a voiced speech signal as a
-5+ fundamental frequency value and a set of harmonic amplitude parameters
-6+ covering some given frequency range. The vocoder presented here expands

on that definition by a method of selecting a subset of the harmonic ampli-
first, but each time repeating a limited gain search, until a match acceptandgdes to be transmitted. An alternative coding method presented is in fact a
level is reached. The second version duplicates a pattern of pulses at a time

interval corresponding to the pitch period. The third combined version ap- A
plies both strategies, using the best of the two methods for each frame.— =
DLR z
}_
O
w
5,570,453 o
43.72.Gy METHOD FOR GENERATING A 'g
SPECTRAL NOISE WEIGHTING FILTER FOR USE o

IN A SPEECH CODER

Ira A. Gerson et al,, assignors to Motorola, Incorporated
29 October 1996(Class 395/2.28 filed 23 February 1993

Many current speech coder designs, and in particular the code-excited
(CELP) vocoders, use a perceptual weighting filter in the trial synthesis
loop, which has the effect of redistributing the parameter quantization noise
such that it will be masked by the speech formants. A perceptual filter is
generated for each short-term linear prediction vector. All codebook entries i
are then passed through both the LPC and the perceptual filters, resulting in FREQUENCY
a substantial computational load. This patent combines the two filters by
passing an impulse through the filter pair, then using a Levinson recursion tquite different approach consisting of FFT power spectra which are divided
find an approximation having lower order than the two original filters into specific bands. The frequency positions of the selected bands are vector

CN
rd

combined.—DLR guantized with a band-position codebook. The patent concentrates primarily
on describing the second coding method.—DLR
5572622 5,577,159
43.72.Gy REJECTED FRAME CONCEALMENT 43.72.Gy TIME-FREQUENCY INTERPOLATION
Karl T. Wigren et al, assignors to Telefonaktienbolaget LM WITH APPLICATION TO LOW RATE
Ericsson SPEECH CODING

5 November 1996(Class 395/2.3Y, filed in Sweden 11 June 1993

Many current voice communications systems include a method, em- Y ir Shoham, assignor to AT&T Corporation
ployed at the receiving terminal, of continuing ongoing sounds from the 19 November 1996(Class 395/2.15 filed 9 October 1992
preceding frames to fill in for segments which have been lost due to exces-  Early devices for representing speech in a time and frequency plane
sive errors or late or missing packets. This patent describes two strategiéscluded the Haskins pattern playback and the widely used Sonograph. Re-
for generating the fill-in sound depending on whether the last acceptedently, much effort has gone into mathematical representations that simul-
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taneously take into account the time and frequency properties of the signal. 5,572,570
One result of this is the development of more efficient coding techniques.

Described here is a speech coder which uses the joint time-frequency prog3.72.Ne TELECOMMUNICATION SYSTEM TESTER

erties to construct a low bitrate interpolated model of the speech spectrz‘MTH VOICE RECOGNITION CAPABILITY
sequence. The result is a coder said to achieve quality-to-bitrate ratios

roughly twice those of CELP coding.—DLR John F. Kuenzig, assignor to Teradyne, Incorporated
5 November 1996(Class 379/}; filed 11 October 1994
5,574,825 The widespread growth in the attachment of computer systems to the
telephone network has been paralleled by an increase in the need for system
43.72.Kb LINEAR PREDICTION COEFFICIENT test equipment beyond merely determining that telephone users can con-
GENERATION DURING FRAME ERASURE verse successfully. In 1992 the assignee of this patent introduced an auto-
OR PACKET LOSS mated tester, capable of executing a programmed script to generate DTMF

tones, voice utterances, and various simulated line conditions. However, the
Juin-Hwey Chen and Craig R. Watkins, assignors to Lucent  Unit had to be manually programmed and was difficult to use. This patent
Technologies, Incorporated discloses an automatically programmable test unit which can learn test se-

12 November 1996(Class 395/2.3) filed 14 March 1994 guences during manual usage and by observing the telephone line conditions
during such usage.—DLR

The patent presents a method for computing filler sounds to bridge the
gap in case received speech samples are lost by a communications receiver
due to channel errors or lost packets. First, a voiced/voiceless measure for
the gap is estimated based on the recent history. Voiced filler is generated by 5,572,624
extrapolating the latest pitch and linear prediction parameters. The predic-
tion coefficients are modified such that formant bandwidths increase gradel3-72-Ne SPEECH RECOGNITION SYSTEM
ally during the filled interval. Voiceless gaps are filled by extending the ACCOMMODATING DIFFERENT SOURCES
noise output with a sound having similar correlation characteristics.—DLR

Vladimir Sejnoha, assignor to Kurzweil Applied Intelligence,

Incorporated
5,570,528 5 November 1996(Class 395/26) filed 24 January 1994
43.72.Ne VOICE ACTIVATED WEAPON LOCK As the performance of large-vocabulary, continuous-speech recogni-
APPARATUS tion has improved in recent years, one factor that has not seen as much

improvement is the ability to recognize male and female voices interchange-
ably. Most current systems require multiple speaker-description models, im-
plying large demands on memory usage. This patent describes a transfor-
mation performed on the acoustic feature vectors from different genders,
bringing them into a common space for the classification of phonetic units.
Linear discriminant analysis is applied to the feature vectors, producing
This apparatus could use any of several commercially availablematrices that allow the minimization of within-class variance and the maxi-
speaker recognition circuit chips for the task of verifying the user’s identity mization of between-class separation for each phonetic unit in the training
before allowing that person to fire a weapon, such as a handgun or riflgata.—DLR
which had been fitted with the device. The electronics unit is constructed on

James W. Teetzel, Portsmouth, NH
5 November 1996(Class 42/70.1}; filed 14 July 1994

5,577,162

12 43.72.Ne DYNAMIC PROGRAMMING MATCHING
SYSTEM FOR SPEECH RECOGNITION

\_4, B )
LOCK ENGAGE‘

ON
6
‘ Yasushi Yamazaki, assignor to Fujitsu Limited
b___ﬂf\ ; 19 November 1996(Class 395/2.4}% filed in Japan 26 July 1991

As newer computing hardware provides ever-increasing computational
capabilities, is it possible that we may see a resurgence of the almost for-

\ s gotten methods of dynamic programmi(i@P) for speech recognition? This
el o ‘ patent shows several optimizations which are applied to well-known DP
e . i \ techniques. The central feature is a system for monitoring the growth of
F———g— o —— == — = MAX
24 1
DP PATH
CANDIDATE
NUMBER
== MIN

SAMPLING TIME

a flexible plastic material, which may be stuffed into existing gun handles agxcessive path branching and of accordingly pruning the path tree. A
well as fitted to new designs. A microphone in the handle grip material picksbranching threshold value is dynamically adjusted depending on the current
up the user’s voice, passes it to the electronics unit which, if the match iswumber of paths, the goodness of fit along current paths, and the current
successful, operates a solenoid which releases the firing mechanism.—DLjercentage elapsed of the total utterance duration.—DLR
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5,577,163

43.72.Ne SYSTEM FOR RECOGNIZING OR
COUNTING SPOKEN ITEMIZED EXPRESSIONS

O |2
HAMBURGER
©=p|l2
COFFEE

Peter F. Theis, McHenry, IL
19 November 1996(Class 395/2.4p filed 21 September 1990

The patent describes a simple, low-cost approach, short of actual rec-
ognition, for classifying telephone utterances with the goal of improving the
quality of information collected by an automated telephone query system.
Based on a system of timers and measures of the speech energy envelog

L MK A I'M SORRY.
M2} / FA\_J)'I e — s PLEASE SAY IT AGAIN.
MVEEL AT — 42
NORMALIZED

PEAR Varrzt

177794 \ . - - , includes a video link from which the computer can extract lip motions and
400 K00 1200 BOO 2000 by which a series of cartoon characters indicate current system states to the
/74//_-’//1//8:’6) human user—DLR

pattern, the system attempts to locate stressed syllables and recurring pat-
terns in the received utterance. The system is said to be able to distinguish 5,606,144

items spoken as a lisincluding counting the itemsand to detect sequences

of spok‘;n digits sucﬁ:nas a p%one nur?ﬁber orr?iisn code.—DLR ) 43.75.Bc METHOD OF AND APPARATUS FOR
COMPUTER-AIDED GENERATION OF VARIATIONS
OF A SEQUENCE OF SYMBOLS, SUCH AS A
MUSICAL PIECE, OR OTHER DATA, CHARACTER
OR IMAGE SEQUENCES

Diana Dabby, Cambridge, MA
5,577,164 25 February 1987 (Class 84/649; filed 6 June 1994

This patent describes a method for computer generation of different
variations on a musical theme or piece, based on the properties of a chaotic

43.72.Ne INCORRECT VOICE COMMAND

RECOGNITION PREVENTION AND RECOVERY system. An algorithm is shown to produce variations on a Bach Prelude as
PROCESSING METHOD AND APPARATUS an illustrative example.—DWM
Kazue Kaneko and Keiichi Sakai, assignors to Canon Kabushiki 5.602.352
Kaisha ’ ’
19 November 1996(Class 395/2.8% filed in Japan 28 January 43.75.Gh VIBRATO ASSEMBLY AND ACOUSTIC
1994 COUPLING SYSTEM FOR STRINGED

The patent describes a method for reducing false word recognitions I HNSTRUMENTS
a small-vocabulary, discrete word recognizer. The method presented would
seem to have the same effect as the widely used techniques of utterance-by- Richard E. Huff, Belmont, CA
utterance dynamic syntax selection, while being much less general. In this 11 February 1997(Class 84/29]; filed 24 July 1995

case, a counter of allowable repetitions for each item is maintained in the  An acoustic coupling plate is described which can be divided into two
dictionary.—DLR plates, one of which couples the guitar body to the bridge, and the other
couples the neck to the body. Flexure bearings for the assembly can be used
to allow periodic variations of the tension of the strings for vibrato effects.
These bearings are said to “have the advantages of high strength, zero
operational noise and rumble, and virtually zero friction and hysteresis.”
The “Background of the Invention” part of the patent document has a
detailed description for the production of guitar tone and for previous vi-
brato mechanisms.—DWM

5,577,165
43.72.Ne SPEECH DIALOGUE SYSTEM FOR 5,602,353
FACILITATING IMPROVED HUMAN-COMPUTER
INTERACTION 43.75.Gh BRIDGE SADDLE WITH ADJUSTABLE

INTONATION SYSTEM

Yoichi Takebayashiet al, assignors to Kabushiki Kaisha Toshiba
19 November 1996(Class 395/2.8% filed in Japan 18 November
1991

Henry E. Juszkiewicz, Nashville, TN and Timothy P. Shaw,
Madison, TN
11 February 1997(Class 84/298; filed 4 January 1995

This interactive speech dialogue system maintains an internal state  1pe bridge saddle of an acoustic guitar is typically slanted, not exactly
representation, both for itself and for the human user, based on keywordserpendicular to the center line of the instrument, in order to compensate for
and phrases recognized in the incoming speech. The application context {ke effects of different string sizes, etc., upon the relative tuning of the
on-line ordering of items from a fast food menu. The communication alsostrings. When string types are changed, the optimum termination points may
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change. In this patent the bridge saddle has five parallel longitudinal grooves
40-48 so that the termination point can be changed to provide the best =
tuning for the set of strings employed.—DWM = .22

5,602,354
43.75.Hi ACOUSTICAL RHYTHM BOARD

Thomas E. Martin, Cincinnati, OH
11 February 1997(Class 84/41p; filed 2 March 1995

The rhythm board described in this patent may be used by being struck k
by a musician’s foot in accompaniment to the sound produced by the mu- P — ) )
sician’s musical instrument. The hollow rhythm boatdis covered by
wooden top2 and bottom3 which rests on rubber fedtl. Freely resonant 26
reed4 in acoustic chambeta extends into acoustic chambgb, and the

contrast to other drum patents reviewed recently in which the design pur-
posely provided mechanical damping for the drum shell, to prevent undes-
ired resonances.—DWM

5,612,502

43.75.Mn KEYBOARD MUSICAL INSTRUMENT
ESTIMATING HAMMER IMPACT AND TIMING FOR
TONE-GENERATION FROM ONE OF HAMMER
MOTION AND KEY MOTION

Tomoyuki Ura, assignor to Yamaha Corporation
18 March 1997 (Class 84/68Y, filed in Japan 1 August 1994

In this combined acoustic and electronic piano, in which the player can
choose between acoustic and electronic or combine them, the electronic
system is equipped with key and hammer sensors so that their respective
outputs can control the amplitude, timing, and frequency of the electronic
signals in accordance with the musician’s fingering on the keyboard.—

DWM
5,602,356
| 43.75.Tv ELECTRONIC MUSICAL INSTRUMENT
G WITH SAMPLING AND COMPARISON OF
N N ftta PERFORMANCE DATA

L . . ) . Bernard Mohrbacher, assignor to Franklin N. Eventoff, Ferndale,
extension is enclosed in wood. A piezoelectric transdéderalso enclosed WA

in_\(vood, to receive Fhe resonator vibrations. The signal ou_tput can be am- ¢ February 1997(Class 84/60%; filed 5 April 1994

plified for reproduction, or can be used to trigger electronically produced

sounds in coordination with foot tapping by the musician.—DWM This “electronic musical instrument” is disclosed by a highly com-

plex paten{26 pages of text and 28 figunedescribing a system that enables

a musical amateur or student to produce “a relatively high quality individu-

alistic rendition” of an original live performance by a popular musician.

The music system includes “a keyboard strummer, in which the musical

notes produced by the playing of the instrument are controlled by musical

assistance data mapped unto the instrument keys and strum vanes from

. . . tracks specially prepared and synchronized with a prior performance of the
Steven Volpp, assignor to Peavey. E_Iectromcs Corporation piece. Modified mass media, such as CD ROM, TV signals and video cas-
25 February 1997(Class 84/411 R filed 30 June 1994 settes are provided including synchronized note assist data and additional
The design of this drum frees the shell from the tension mechanisnmedia, such as ROM packs or tone encoded audio cassettes or CDs, are

(attached only to a bridgeand from mounting hardwar@lso attached only  provided with synchronizable note assist data for use with unmodified mass

to the bridgg, allowing the shell to resonate more effectively. This is in media.”—DWM

5,606,142
43.75.Hi SHELL RESONANT MEMBRANOPHONE
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5,604,323 5,590,658

43.75.Tv MUSICAL TONE ELECTRONIC 43.80.Vj PORTABLE ULTRASOUND IMAGING
SYNTHESIZER AND METHOD SYSTEM
Anthony R. Hardie-Bick, assignor to Ethymonics Limited Alice M. Chiang and Steven R. Broadstone, assignors to TeraTech
18 February 1997 (Class 84/60%; filed in the United Kingdom 7 Corporation
September 1993 7 January 1997(Class 128/661.0¢ filed 29 June 1995

This system consists of a handheld scan head coupled by a cable to a

battery-powered data processor and display unit that is preferably a lap-top

The Background section of this patent reviews the advantages of angomputer. The scan head enclosure houses, in addition to an array of ultra-

the problems facing the digital methods of musical tone generation. Advansonic transducers, circuitry that includes a pulse synchronizer used in trans-
tages include reduced cost, ease of manufacture, and the ability to reproduBdission and a beamformer used in receive. The electronics employ low-
the waveforms of real musical instrument tones. Disadvantages include theower integrated circuits, and signal loss is reduced by the proximity of the

amount of memory required to store Samp|es of a |arge number of Waveelectronics to the array. The cable used to transfer data between the scan
forms for many fundamental frequencies, and to provide for tonal variationfhead and the data processor and display unit is less complicated than in
with dynamic changes. The mathematical modeling of the physical proSystems that transfer all of the transducer signals to a console signal pro-

cesses in musical tone generation, disclosed in recent patents, shows cdifssing unit—RCW

siderable promise but instruments based on these principles are said to be
uneconomical until digital signal processing costs are reduced further. The 5,590,659

43.80.Vj ULTRASONIC VISUALIZATION METHOD

811 @ @ 610 AND APPARATUS
?
601 709 Robin Hamilton et al, assignors to Intravascular Research

A Limited
uASTER Fhg Pssewoo! Ry Prsemen. 7 January 1997(Class 128/661.0% filed 17 July 1995
OSCILLATOR 602 y . uly
N SRR SINERTh _Jo0s In this method and apparatus, each element or group of elements in a
PHASE PHASE transducer array is connected using a controller that determines the order in
r | which the elements are energized for transmission and the order in which
e they receive echos. Beam profiles with low sidelobes are produced by a
synthetic aperture technique in which different combinations of elements are
D) Hob, (208) used for transmission and reception. Beam profiles are also improved by an
606 604 607 optimal filtering technique using a more complex approach than employed
X ol before in this application.—RCW
+ I 5,591,911
e |
43.80.Vj ULTRASOUND SIGNAL PROCESSOR
patent then discloses a synthesizing system having “digital waveform gen-
erators602603 arranged such that a proportion of an output from a wave- Hiroshi Masuzawa etal, assignors to Hitachi Medical
form generato602is supplied to a phase modulating input of a next wave- Corporation
form generator603 wherein a proportion of the output from the last 7 January 1997(Class 73/60%, filed in Japan 5 July 1995
waveform generator in a chaB03 of serially connected waveform genera- This signal processor has a parallel structure in which baseband signal

tors is supplied to a phase modulating input of the first waveform ge”eratobrocessing is accomplished digitally using A/D convertsdp, complex

602in said chain, thereby providing a degree of recursion. Outputs from gy tipliers 102p, low-pass filters103p, complex multipliers104p, adders
plurality of waveform generators are supplied to a ring moduléfist for

genere.itmg” harmonic sums and differences of frequencies produced by said I020R 10201 I040R 10401 I070R 10701
recursion.”—DWM

1040
1041R

1020
102IR

1030
10211

5,590,657

43.80.Sh PHASED ARRAY ULTRASOUND SYSTEM 100!
AND METHOD FOR CARDIAC ABLATION

Charles A. Cain et al, assignors to The University of Michigan
7 January 1997(Class 128/660.08 filed 6 November 1995

L 02eR | 104pR 051 1086l
This system and method include a phased array that produces a fo- 102pl

cused ultrasonic beam of sufficient energy to ablate cardiac tissue. In focus-  j00p 10p
ing the beam, aberrations produced by transmission through inhomogeneous
tissue between the array and the treatment volume are taken into account by A/DI M LIFILE[CM
sensing the phase distribution caused by the aberrations and calculating a
compensating phase distribution that is employed in the excitation of the 102p 103p 104p
array. The system also permits real time correction of the beam position td050 and 1051, memories1060 and 1061, complex multipliers107q and
follow a moving volume of myocardial tissue.—RCW low-pass filtersl08q arranged as shown above.—RCW
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5,600,675 5,595,179

43.80.Vj ULTRASONIC IMAGER HAVING 43.80.Vj ADAPTIVE PERSISTENCE PROCESSING
IMRPOVED BANDWIDTH
J. Nelson Wright et al,, assignors to Acuson Corporation
William E. Engler, assignor to General Electric Company 21 January 1997(Class 128/660.0 filed 2 May 1995
4 February 1997 (Class 375/26}; filed 7 September 1994

In this processing, a recursive filtering stage is followed by a nonre-

b . ursive filtering stage. Coefficients for each stage come from a look-up table
stages in each receive channel. Inphase and quadrature components from

first demodulator stage are also demodulated in the second stage to produt t |'s'addre'ssed using input or qutput P'XEI values. A 'recu.rsw'e filtering
a total of four signals that are filtered and combined to form two sets ofcoefficienta is held constant over time while a nonrecursive filtering coef-
complex signals. One set contains the upper frequencies in the receive sigrfiiient v is adjusted dynamically. The nonrecursive filter stage has a fre-

Improved bandwidth is achieved by employing two demodulation

306

303 304 305

Recursive Stage fr—ZlO 200
________________ 2
Xn ! o
i
308 TOLEFT 201) | }/ Wn o
g SUMMATION | D 7
FOM A/D 307 2 CHANNEL& L 1220 !n_ ________ -1_230
CONVERTER O J ! H
200 (FIG. 3) RECEIVE o ! AN é}i—vm
AN O GonTRoL . b 23 1o
TO RIGHT oI nt ) Y Non-recursive Stage
MUX SUMMATION LQ o
CHANNEL SIRAM =212
260

while the other cpntains the lower frequencies. Each band i; separate%uency response that attenuates high-frequency components. The response
phase rotated using the center frequency of the corresponding subbant

. : me of the nonrecursive stage only spans one frame interval while the
Upper-band signals and lower-band signals are next coherently summed g y sp

and then the upper-band and lower-band signals are reconstituted into rg’sponse time of the recursive stage is generally longer and dependent on
single baseband signal.—RCW the recursive filtering coefficient.—RCW
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Biomimetic sonar recognizes objects using binaural
information®

Roman Kuc
Intelligent Sensors Laboratory, Department of Electrical Engineering, Yale University, New Haven,
Connecticut 06520-8284

(Received 17 June 1996; accepted for publication 12 February) 1997

An active sonar using Polaroid electrostatic transducers positioned at the end of a robot arm is
described that adaptively changes its location and configuration in response to the echoes it observes
in order to recognize an object. The sonar mimics biological echo-location systems, such as those
employed by bats and dolphins, in that there is a center transmitter flanked by two adjustable
receivers, the sonar has rotational and translational mobility, and the echo processing contains
elements that have been observed in the mammalian auditory system. Using information in the
echoes, the sonar translates in a horizontal plane and rotates in pitch and yaw to position an object
at a standard location within the beam patterns. The transmitter points at the object to maximize the
incident acoustic intensity and the receivers rotate to maximize the echo amplitude and the
bandwidth, and to minimize the echo-producing region. This procedure results in a unique echo
vector associated with each object at a given object pose. Recognition is accomplished by extracting
32 values from the binaural echo patterns and searching a data base that is constructed during a
learning phase. The system operation is illustrated by having it recognize rubber O-rings of different
sizes and by differentiating the head and tail sides of a coin.1997 Acoustical Society of
America.[S0001-496607)05506-9

PACS numbers: 43.10.Ln, 43.80.Jz, 43.80.Nd, 43.80/Kz]

INTRODUCTION I. BIOMIMETIC SONAR SYSTEM

. . . . Modeled after biological systems, our sonar shown in
Bats and dolphins employ echo location for prey identi- _. . . .

fication by emitting a series of acoustic bulses and rocessElg' 1 consists of three Polaroid electrostatic transducers that
) h yh 13 '?h' bi E hni P tan act as either transmitters or receieTis transducer is

Ing the echoes.™ This paper combines the techniques em-gijar 1o those used in the Polaroid autofocus camera and
ployed by biological systems with principles from acoustics,5cqystic digital tape measures. The transducer has a 3.75-cm-
neuroscience, robotics, and signal processing to implement@am circular aperture and exhibits a broad resonance at 60
sonar system that can recognize objects from their echRHz with a nominal wavelength in aic=343 m/3 equal to
waveforms. The sonar is adaptive in that it changes its conx=5.7 mm. The beam has a full-width half-maximum am-
figuration using the information in the detected echoes. Thelitude spread of 10°. The protective cover was removed,
sonar design is motivated by bats, whose ears react by rotagxposing the foil surface of the transducer, to eliminate in-
ing to the direction of the echo source, and by dolphins, whdernal reflections that limit the bandwidth.

appear to move as if to position the object at a standard A center transmittefmouth is flanked by two receivers
location in three-dimensional space. (ears, with the separation between the centers of the mouth

Manmade sonar has had limited success for object rec@nd each ear being equalB=4.5 cm. The ears are rotated

ognition because the echo waveform varies significantly witd" ©PPOsite directions by cables connected to a stepper motor

the location of the object within the acoustic beam patternf[0 accomplish a type of focusing operation. The entire as-

. . R . sembly is mounted on the end of a small educational robot
This variation was minimized previously by careful place- .
. o o .~ _arm whose end has three translatiofaly, 2 and two rota-
ment of the objects within the acoustic field and by using

i tional (sonar pitch and yanwdegrees of freedom. The sonar
objects that are large compared to the wavelength and th%tam then be translated and rotated so that it can view an

have shapesgspheres, cubes, pyramids, and cortest ex- object from any desired aspect.

hibit very different scattering propertiés! The system de- The sonar moves in a horizontal plane 11 cm above a

scribed in this paper exploits the important biological prin-smooth working surface and is directed downward at a pitch

ciple of sensor mobility by translating and rotating the sonaff —45°. Using such a pitch directs the beam reflected from

in order to standardize the view of the object by positioningthe surface away from the ears, leaving only the information-

it at a constant location. The complexity of the detected echtearing echoes scattered by the object to be detected by the

is then reduced, thus making object recognition from theears.

echo waveforms feasible. Initially, the mouth and both ears point in the same di-
rection to maximize the echo-producing region for object

d“Selected research articles” are ones chosen occasionally by the EditorEjetectlon over a large field of view. The environment is

in-Chief, that are judgeds) to have a subject of wide acoustical interest, Scam_"ed by transmitting imermgati_on pU|S'eS and processing
and (b) to be written for understanding by broad acoustical readership. the signals detected at the ears while rotating the sonar about
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right left
receiver receiver

stepper
( d) motor

FIG. 1. Biomimetic sonar systerfa) Sonar situated at the end of the Armdroid 1 robotic arm, manufactured by Colne Robotics Co. Ltd. in England. The arm
consists of two segments each 19 cm lotim. Top view. (c) Front view. (d) Block diagram. The sonar consists of three Polaroid electrostatic transducers
configured as a center transmitter flanked by two receivers that can rotate to focus on an echo-producing object.

the yaw(vertical) axis to sweep across the environment. The  The TOF is determined from the time that the waveform
signal at each ear is acquired by using one of the two charsamples first exceed a threshold. The TOF from each ear
nels of an analog-to-digital convertéGage CS1012sam- defines an ellipse of possible object locations, with the ear
pling at 2 MHz per channel with 12-bit resolution. A new and mouth being the foci. The object location in the plane
interrogation pulse is transmitted as soon as the echoes hagentaining the transducer axes, in terms of rangad azi-
been detected and processed. Being controlled by a Pentiumuth 6, is determined from the intersection of the two el-
120 processor, pulses are emitted as often as every 100 mipses in the forward direction.Using sonar feedback, the
Once echoes are detected, the sonar moves to position tBgstem maintains the range at 15 cm to witti@.1 mm. The
object along the transmitter axis at a range of 15 cm. Thebject is positioned on the transmitter axis by driviago
ears are then rotated to place the reflecting part of the objeaero, as shown in Fig. 3. The accuracy-00.1°, limited by

on their axes. The 15-cm range is in the far field of eachthe resolution of the robot stepper motors. While the object is
transducer 1(>a?/\), wherea is the radius of the trans- being driven toward the transmitter axis, the receivers are
duce), thus avoiding the spatial variation of the near-fieldrotated so that their axes point toward the object using the
wavefronts, but is in the near field of the three transduceangle

system ¢(<D?/\), thus obtaining two novel views of the

object. ¢=arctan(r/D).

Il. ECHO PROCESSING After the object has been positioned along the axis of the

An interrogation pulse is produced by impulsively excit- mouth at a range of 15 cm and the ears are focused, the
ing the transmitter. The echoes detected at each ear are p®ystem can either learn a new object by acquiring echoes and
cessed to extract the time-of-fligit OF) for adjusting the including them in a data bagenemory or recognize an ob-
yaw and focus and the envelope information for object recject that is already included in the memory. In the learning
ognition. The waveform and spectrum of an echo from agphase, the sonar pitch is varied to observe the object at a
plane at 0.5-m range is shown in Fig. 2. The waveform has &ariety of elevations. Echoes are obtained during a scan in
short duration or, equivalently, a wide frequency bandwidthgelevation as the pitch is varied in 0.225° steps about the
making it useful for differentiating nearly identical objects. nominal pitch value from-43° to —47°.
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n FIG. 3. View of plane of sonar beams in unfocused and focused configura-

tions. An object initially lies at range and anglef relative to the transmit-

ter. (@) Unfocused configuration. The echo-producing regions indicate the
locus of points that produce detectable echoes. The object is located such
that only the right receiver detects an ectin. Focused configuration. The
sonar rotates to position the object on the transmitter axis and the angles
¢, and ¢, position the object on the right and left receiver axes, respec-
tively.

Decibels

are stored in memory. The memory contains the object iden-
tity, its pose, and the envelope vectors from the left and right
ears.

During the recognition phase, an object is viewed at a
0 50 100 150 200 nominal pitch of—45°, but with an error oft1.5° due to
errors in the joints. The sonar examines the object using a
single interrogation pulse. The observed echoes are pro-
FIG. 2. Echo from plane reflector located at a range of 50 @nEcho cessed to extract the envglope vectors and these are then
waveform. (b) Power spectral density average and one standard deviatio§0mpared to those stored in memory. The accuracy of the
interval. robot arm was sufficient to assure that the pitch of the sensor
was within the interval used in the learning stage and that a

corresponding envelope vector, to within a noise tolerance,

Thg steps in echo processing that oceurin each ear Al%sided within the memory. The observed envelope vector
shown in Fig. 4. The echo waveform contains 512 sample

tarting 50 | o to the fi the threshold | Spair was compared against those in memory by computing
starting samples prior 10 the timeé the threshold 1S exy,q squared error. The vector pair in memory that produced

ceeged toball_ovvl I(cj)w dlgverl] S|gnalls at tThhe_ sctjart Of.tze e%hothe minimum error was used to indicate the object identity.
bac et to be included in't € analysis. 1his ata window du- - rpq echoes typically contain random fluctuations whose
ration (512 was chosen to include all the echoes from the

largest object in our collection. The waveform data are rec-
tified and logarithmically compressed. The logarithmic com-

pression reduces the dynamic range of the echoes and em Mwmlm

phasizes the important small-amplitude structure that is
present in the echo packet. The log-rectified signal is then _/\———/\ML
applied to a second-order low-pass filter whose frequency ‘
response falls to-3 dB at 12 kHz to produce the echo en- M Log-rectified signal
velope. Since the envelope exhibits a slow variation in time,
its 512 samples can be reduced to a smaller number without

losing significant information. This is done by segmenting echo waveform
the envelope into sixteen 32-sample segments and computing

the mean for each segment. This segment size corresponds t
approximately one period at the resonant frequency of the ; . .
transducer. This data reduction allows the echo packet to be ~ ° 100 200 300 40 50
represented by aenvelope vectocontaining 16 values. The
envelope vector is then normalized to have a constant en-

FIG. 4. Processing of echoes. From bottom to top, the waveforms indicate

ergy. Fma”y' an ObleCt is characterized by comblmng thean echo packet from an object, the rectified waveform after logarithmic

VeCto_rS from each ear to_ produce a 32-value vector. In th@ompression, the envelope, and a plot of the 16 vector values that form half
learning phase an object is scanned and the envelope vectaifahe template used to represent objects.

(b) Frequency (KHz)

Amplitude

Sample number
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effects on the vector pair must be reduced to differentiate
similar objects. The sources of these fluctuations include ran-
dom amplitude fluctuations due to temperature and density
variations in the medium between the transducers and object,
thermal noise, and sampling jitter in acquiring the echo
waveform. These fluctuations not only produce errors in the
echo envelope magnitude, but also in its time registration,
since it is determined from the time the echo waveform first
exceeds the threshold. In the learning stage, 50 echoes are
processed at each increment in pitch angle. Each observed
envelope vector pair is considered to be a candidate and
compared to those vector pairs already residing in memory
associated with the particular object. If the squared error be-
tween the candidate and any vector in memory is less than a
perceptual thresholdhen the candidate is discarded, since a
representative vector already exists in memory. The percep-
tual threshold level is four times greater than the average
error value produced by noise alone, and accounts for the
variations in the propagation medium. On average, for every
50 candidates considered, approximately four are added to
the memory. Hence, after the learning phase, each object is
represented by approximately 50 vectors that form clusters,
each cluster corresponding to a particular viewing pitch
angle.

incident wavefront

e

&
7
"

FIG. 5. Paths of echoes reflected from O-rings. The first echo detected in
time is indicated by a 1, with the echd following closely after, followed

by the pair 2-2. The echo path labeled 3 is a multiple reflection from the
inner surfaces.

Ill. ECHO PRODUCTION V.

DIFFERENTIATING HEADS FROM TAILS OF A

COIN

The mechanisms that cause an object to produce echoes
are described by the model proposed by Freedtf&hThis

To illustrate the sensitivity of our sonar we attempt to

differentiate the head from tail side of a coin. The echo

model can be simply stated: Echoes are produced whenevggcket observed from a coin consists primarily of two com-
an incident pulse encounters either a discontinuity in theponents, as shown in Fig. 8.

acoustic impedance or a discontinuity in any of the deriva-
tives of the acoustic impedance with respect to range. Thgl)
echo magnitude is proportional to the size of the discontinu-
ity and inversely related to the order of the derivative that
exhibits the discontinuity. The magnitude is also related to
the location of the discontinuity in the transmitting and re-
ceiving beam patterns. A typical object will contain echo-
producing features that are distributed over range, azimuth,
and elevation. Only the feature at closest range that producgg)
a detectable echo is employed to position the sonar. Even if
different features are detected by each ear, the object is po-
sitioned near the transmitter axis at a repeatable location.
For example, consider the echoes observed from a rub-
ber O-ring. An O-ring lying on a surface producing echoes
that are similar to those from a hoop floating in the water as
detected by a dolphin. The echo-producing features are
shown in Fig. 5. The echo waveforms observed from three
O-rings of different sizes are shown in Fig. 6. Since O-rings

The first component, corresponding to the discontinuity

in the acoustic impedance, is a reflection from a patch of

the coin edge to the table surface and back to the re-
ceiver. A second path also exists from the table surface
to the coin edge and back to the receiver, doubling the
magnitude of the echo. Smaller first-order echoes occur
from the corners in the relief patterns, such as those in
the leading edges of the lettering.

The second component corresponds to the discontinuity
in the first derivative of the acoustic impedance that can

take on either positive or negative values. Echoes from

negative discontinuities experience a 180° phase rever-
sal. These are indicated in dashed lines in the figure.
These second-order echoes occur primarily at the sharp
edges around the top surface of the coin, but also from
features in the relief pattern. Similar echoes have been
observed from a disk reflector by Simmadrs.

The coin used in the experiments was a 1996 U.S. penny

are symmetric with respect to angular rotations, identicain mint condition, a disk having 18.94-mm diameter and
waveforms are observed at both ears. One of the envelope50-mm thickness. In the learning state, the penny was po-
vectors for each O-ring is shown in Fig. 7. The system carsitioned with Lincoln head upright and looking to the right.
easily differentiate the three different O-rings without The system learned the coin by acquiring a set of approxi-
errort? mately 50 vector pairs during the sweep in pitch. Because the
692  J. Acoust. Soc. Am., Vol. 102, No. 2, Pt. 1, August 1997
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FIG. 6. Waveforms of echoes reflected from rubber O-rings observed at one

receiver. O-ring data are denoted by “O-r" with the preceding number FIG. 7. Plots of the 16 values extracted from the echoes reflected from

indicating the outside diameter in mm. O-rings detected at one of the receivers. The data base consists of 32-
element vectors containing the 16 values from the right and left receivers.

coin is not symmetric, different vector values are observed aihdicates that the echoes from the head and tail sides are

each ear. Typical echo waveforms from the penny heads ar'ﬁgnificantly different.

shown in Fig. 9 and the corresponding envelope vectors are The penny was then replaced with a 1996 U.S. dime

shown in Fig. 10. The vectors were normalized to a Valueshowing a head, with Roosevelt looking to the left, in mint

that provides sufficient accuracy when represented by Bondition. The dime is a disk having 17.80-mm diameter and

three-Q|g|t mtege_r in the memory. . 1.35-mm thickness. Because the echo acquisition starts at the
Without moving the coin or the sonar, a series of recog-

nition trials was conducted immediately after completion of
the recognition phase. At each trial, the observed vectors
were compared with those in memory. For this set of
trials, the squared error was due to noise and sampling-jitter
effects. The squared error values observed in 100 trails are
shown in Fig. 11. The mean is 388 with a standard deviation
of 86. This mean value represents an error of about 1% in the
largest magnitude elements in the vector.

The penny was then flipped to expose the tail side, with
the Lincoln Memorial upright, and placed at the same loca-
tion within £0.1 mm. A set of 100 recognition trials was
then repeated. Typical echo waveforms from the penny tails
are shown in Figs. 9 and 10. At each trial, the observed
penny-tail vector pair was compared with the penny-head
vector pairs in memory. Because the coin size, of course, is
the same, the squared error was due to the differences bEIG. 8. Coin located in transmitter field. Two orders of echoes are observed:
tween the relief patterns and noise. The errors observed ifj €¢oes from discontinuities in acoustic impedance experienced by the

. . . ropagating pulse, 2—echoes from discontinuities in the first derivative of
100 trials are shown in Fig. 11. The mean of the squarege acoustic impedance with respect to range. Dashed lines indicate 180°
errors is 7644 with a standard deviation of 344. This resulphase shift in the echo.
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FIG. 9. Echo waveforms from penny coifa) Echoes from head sid¢b)

Ve FIG. 10. Echo envelope vectors from penny céa.Values from head side.
Echoes from tail side.

(b) Values from tail side.

near edge of the coin and the dime is smaller, the distany pjscussiON

edge echo from the dime occurs at a shorter delay than that

of the penny. This results in large errors between the ob-  Object recognition occurs when the envelope vector pair
served dime vectors and the penny vectors in memory. T@bserved during the recognition stage matches a vector pair
illustrate this, a set of 100 recognition trials was conductedin memory to within an acceptable error. If the minimum
At each trial, the observed dime-head vector pair was comebserved squared error is larger than that expected solely on
pared with the penny-head vectors in memory. The errorshe basis of noise, then it is assumed that a novel object has
observed in 100 trials are shown in Fig. 11. The mean of thébeen observed. If the identity of this new object is made
squared errors is 12 573 with a standard deviation of 391.
This result indicates that the echoes from pennies and dimes
are significantly different.

Since the relief pattern on a coin is not symmetric, the 14000 dime - heads
vector values are related to the pose of the coin. The pose | f\/\N\f~’\/\,/W\/\/\/\/\M/\/\/J\/\,f'\/\/\,xr\,/V
was measured as a counterclockwise angular rotation fron
the upright Lincoln head. The pose of the penny-head was , 100001 penny - tails
changed in 5° increments, and a set of 20 recognition trials 5 . |
was conducted at each pose value. At each trial, the observeg WW\MWW“M
penny-head pose vector pair was compared with the penny g 60 1
head 0° templates in memory. The errors are shown in Fig.
12. The errors are observed to be pose dependent with mac

4000

nitudes that can vary significantly. To recognize a penny- 2000 1 penny - heads

heads having an arbitrary pose, vectors from the different ol A~

poses must be acquired in the learning phase. The pose mu: 0 20 40 60 80 100

be varied in sufficiently small steps, such that the change in Trial number

the_ vectors is comparable to the variation caused by thﬁ’IG. 11. Squared error between observed echo vectors and penny-head
noise. templates in memory for penny-heads, penny-tails, and dime-heads.
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one coin is resting on the other, the tilted coin would exhibit

4000 -15° echo waveforms that are not in the memory that was formed
+15°

using coins lying flat. In this case, the pair of coins may need
to be considered as one object and learned in that manner. If
a tolerance in the vector match is allowed, the set of such
configurations is finite. Then, one possible solution is to treat
each configuration as a separate object and learn its echo
vectors using the procedures described above. Clearly, this
approach is only the first step toward solving this problem.

A fundamental problem arises when scanning a large
object, or one that is not entirely contained within the beam
patterns. As the object pose is changed, a new echo-
0 20 40 e 8 100 120 140 producing feature can enter the sonar beam and can cause the

Trial number TOF to change significantly. Hence, the values of the enve-
lope vector can change in a discontinuous manner with pose.
This problem is an inherent weakness in relying exclusively
Joly the TOF. Perhaps results from animal studies will provide
gome insights on how to deal with this problem.

3000

2000

Squared error

1000

FIG. 12. Squared error as pose of penny-head is varied.

known to the system, the system reverts to the learning pha
and increases the memory contents by including the vecto
from the new object.

The echo data segment processed corresponds to a 5¥ SUMMARY
sample data window. This duration is related to the size of  This paper described an adaptive sonar system that is
the objects that were to be recognized. The window startechounted on the end of a robot arm that recognizes objects
just prior to the time the echo from the nearest feature exusing echo location. The sonar standardizes the echo wave-
ceeded a threshold to include any leading low level echoes, farm by being mobile and adaptively adjusting its configu-
sort of pretriggeringoperation. The 512 samples acquired atration. The processing is biologically motivated in its mobil-
a 2-MHz sample rate represent a 0.25-ms window. At thety and configurational change. A memory is established and
sonic speed of 343 m/s, this time window corresponds to &nlarged in the learning phase. A scan in pitch is performed
4.3-cm range interval. This allowed all the echoes producetb compensate for possible errors in the pitch angle during
by the 2.54-cm O-ring to be acquired. It would be interestingthe recognition phase. The echoes are processed to produce a
to determine if biological systems use an adaptive windowpair of envelope vectors. Multiple pulses are emitted and
duration related to the size of the intended object of searctonly the novel vectors, or those that exceed a perceptual
That is, are large objects recognized by enlarging the datthreshold, are stored in memory. The recognition task is ac-
window duration, or by piecing together evidence derivedcomplished by having the system repeat the positioning op-
from a collection of shorter windows? erations and emit a single interrogation pulse. The echo vec-

The binaural nature of the sonar was used primarily fortor values are extracted and the memory is searched to find
accurate positioning of the object in azimuth by adjusting theghe best match in the least squared error sense. Differentiat-
yaw of the sonar. The object recognition aspect exploits bining heads from tails of a coin illustrates the sensitivity of the
aural hearing by obtaining two novel views of an object fromsonar.
one position of the sonar.
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The acoustic finite integration technique for waves
of cylindrical symmetry (CAFIT)
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Many ultrasonic nondestructive testing applications have cylindrical geometries. Examples involve
the excitation of ultrasound by cylindrical piezoelectic probes or by laser, x rays, electron [#eams

C. Tam, Rev. Mod. Phys58, 381-431(1986], or ion beamgL. Sulak et al, Nucl. Instrum.
Methods161, 203-217(1979]. Thus, calculations of cylindrical wave propagation are important
for a better understanding and interpretation of many testing situations. This paper deals with the
AFIT Code or finite volume method for numerical simulation of sound propagation in fluids adapted
to cylindrical geometriegCAFIT). A comparison is made with standard difference-equations
techniques also utilized for cylindrical geometries. Two examples are dealt {@jtfthe sound
generation by a high energy beam of heavy ions stopping in wé2grthe multimode sound
propagation in a medical doppler injection device excited by a disk probel9€y Acoustical
Society of Americd.S0001-4967)03208-9

PACS numbers: 43.20.Bi, 43.20.Mv, 43.35.Yb, 43.803kG

INTRODUCTION particles(ion-acoustic sourgeand second, the sound field of
a disk probe used in a doppler injection device. The latter
The finite volume method for acoustical wave propaga-example is a good illustration for multimode wave propaga-
tion or acoustic finite integration techniqU&FIT) is a very  tion in cylindrical systems.
stable tool for the numerical calculation of wave propagation
in fluidsX? Until now, this code has been used for calcula-
tions in the Cartesian coordinate system. . BASIC EQUATIONS
Solving real three-dimensional problems in a three-
dimensional grid usually exceeds the capacities and capabili- The basic equations are the linear equation of continuity
ties of any standard workstation available today. Thus, prob- Jo*
lems need to be reduced to two dimensions, by assuming the
wave propagation translational invariant in one dimension.
This means for example, replacing a rectangular transduceind the linear equation of motion
by a linear strip. But this is always an approximation of the P
real problem. pE — = —V*p*+f*. 2)
For problems of cylindrical geometry, the wave motion at
can be described exactly by a wave equation only in the two  The asterisk symbol above the variable indicates that it
coordinatesz and ¢. Therefore, this paper aims to set up ahas a dimension. Variables without an asterisk symbol are
new discrete scheme for numerical simulation of wavedimensionless. Here*, x*, f* are the Cartesian vectors of
propagation in this system based on the AFIT ideas and usrelocity, space, force density apd, p¥ are the density and
ing only a two-dimensional grid. Unfortunately, it is not pos- equilibrium density, respectively. The acoustic pressure is
sible without special extentions of this algorithm to deal withp* = andM* a density source.
the tangential component. The introduction of the following dimensionless quanti-
Cylindrical systems have a unique property for perform-ties
ing numerical calculations i.e., the singularity along the

O +pSV*V*=M*, (1)

* * % *
axis. This singularitiy can be easily managed by using our ,_ _P , t:t % X 3)
proposed scheme, because of the involvement of volume- PoCo 15 15
integral formulations. v* M* f*
Two fields of applications will be discussed in this pa- = M=— f=— 4
. . . v C-k * *C* 2|* ' ( )
per: First, the sound generation by a beam of high energy 0 Po PoCo 1o
and the isentropic speed of sound
3E|ectronic mail: peiffer@eadq.izfp.fhg.de &p*
YElectronic mail: koehler@eadq.izfp.fhg.de c* 2_
®Electronic mail: petzold@rcs.urz.tu-dresden.de 0 ap*
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leads to dimensionless equations which are more useful for . e,
numerical calculation, because pressure and velocity have PRI RS \
the same orders of magnitude: e
e = 3 »
o i s .
—=—-Vv , . .
ot ©) : ¢
av : A z
—=—Vp+f. : e:A
ot Vp (6) . [UUPEEE V- SAin] T
. ey>
€,
Il. RECEIVING THE DIFFERENCE EQUATIONS 74 0. y
%)
The main benefit of the AFIT procedure is, that stag- z
gered gridleads to a better accuracy, at much lower efforts _ _
in programming and calculation time. This simple central FIG. 1. Coordinate system conventions.

difference approximation gives better results than second-
order schemes based on nonstaggered grids. The key proce- oy 2)=u(0,2)cod o)
dure of AFIT consists of performing a control volume inte- XK€, e ®

gration for Eqs.(5) anq (6) and transformmg every mtggral vy(0,0,2)=U(0,2)SiN¢),

over the gradient or divergence terms into a surface integral

by using _the Gauss law. _This I_eads automatically to a stag- v,(p,¢,2)=w(Q,2).

gered grid. In the two-dimensional case the volume cells _ ) o

ders of the area. ized around a center gridpoint denoted by the upper index
There are two possibilities to obtain the discrete equa{C)- The top and bottom volume faces are denoted by the
tions in cylindrical coordinates: indices ¢) and (b), the inner and outer cylinder sector walls

] o ] ] ) ] by (i) and (©) and the side faces byH) and (—) according
(1) Taking the cylindrical differential equations and using atg g positive or negative angle.

“Cartesian” two-dimensional grid for evaluation of the

curve and area integration in radial and axial coordinates

¢ andz. _ o
(2) Using the equations in Cartesian form and performingB- Equation of continuity

the integration over control volumes of cylindrical The volume integral of Eq(5) leads to:

shape.

; ; J .

Both methods give the same result. As the second is —pdV=—f VvdVJrJ' M
more instructive the integration is carried out according to v, dt Vi, %
this method. A further advantage results from the better treat-

ment of the singular term along tizeaxis. —_ 3[; vds+f MdV. 7
Though only wave propagation in two coordinates is Np Vp

p

described, it has to be dealt with three-dimensional contro|

volumes, assuming the tangential component to be zero. ThE;Igure 2 shows the control volumé, for the pressure. The

follows from the fact that the volume faces perpendicular to1€an pressure 1s repres_ented by the gr.ld point in the center
f the cell. Each grid point of the velocity component per-

the tangential component contribute to the radial componen? . :
pendicular to the faces is located at the face center.

A. Conventions Only the velocity components perpendicular to the sur-
In order to achieve a good description of cylindrical face contributes to the first term on the RHS of Edg).

wave propagation, a well suited control volume has to be' '€S€ arei for the inner and outer one amdfor the top and

chosen, that is, apiece of cake shap&aector volume. The bottom faces. The sides need not be considered, as the tan-

Cartesian and cylindrical unit vectors and coordinates ard€ntial component perpendicular to these faces is zero.

also shownv,, v, andv, are the Cartesian components of Evaluation of the integrals gives

the velocityv, whereasu, v, andw are the radial, tangential ap .

and axial component in terms of a cylindrical systéfig. f Edv: p©oApAZA @, (8

1). Settingv to zero we have Vp

V=0,8+ 0,8+ V,8,= UBy+ WE, . AzA

Ae
7

Sg v ds=+ u(o)—(g—ATQ)u“)
Though the pressure and velocity field is cylindrical, the Np
volume integration is performed in a Cartesian coordinate +wh—wP]oApAe. 9
system. Faces and control volume are given by cylindrical _
parameterp, ¢ andz. Thus, the Cartesian components of The integral oveM is treated similar. Dividing by the
the velocity are cell-volumeAV=pApA¢pAz one gets
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FIG. 2. Control volume fop. FIG. 3. Control volume fou.

u@—y®  wO—w® Y@ 4y © into account—leads automatically to the difference equations
Ap - Az 20 +ML for the velocity grid points. The volume integration gives
(10
Here the scalar quantity is averaged. Thus, the shape
of the volume cell is not essential for consideration. For bet-

f y(0,¢,2)
Vy ot

dv=f u(e,z)cog ¢)dV
Vu

ter interpretation, the equation of continuity in terms of cy- . Ao

lindrical coordinates is given as follows: =u'920A0Az sin—-, (13
ap au ow u o D
T T T : 0,9,z :
g de dz @ f —Z(gtgo )dV=w<C>QAQAzA<p, (14)
The third term on the RHS of Eq10) may be inter- Vi

preted as the approximation af ¢ in Eq. (11), because it 90.(0.¢.2)

represents the linear interpolationwfp at the center of the f ya—t’@’dvz 0. (15)

V

control volume. Thus, only the choice of the well fitted con-
trol volume leads to discrete formulation of the cylindrical
differential equation. Not only Eq11) but also Eq.(10) is
singular foro=0. Thus, thez axis must be dealt with sepa-
rately.

v

The components of the force densityare also similarly
treated. It should be emphasized that every component has a
different control volume, because each velocity component
node is localized at a different place as shown in Figs. 2 and
3. Obviously they component in the tangential direction
vanishes.

The parameter expressions of the face element vectors

In the case of Eq(6), the volume integration is per- ds., of the cell volume are given by
formed for a vector quantity. Surface integrals arise over

C. Equation of motion

scalar quantities, like the pressyse coso’
@ T
dsoin=*|e*x—|| sine’ |de¢’ dZ, 16
f—dv— ij dv+ffdv o) (Q 2 ¢ 19
vt 0
=— ds+ffdv. 12 _ainle
ﬁvp \% ( ) sin 2
The mean value of every velocity component is not coupled dsi+/oy= Ag [ do’ dZ, (17)
for Cartesian coordinate systems, but averaging over every +Cos—

radial velocity componenti the value must be projected to

the direction of the centered vectof®. 0
The cylindrical sector-shaped volume V is placed in the 0
Cartesian coordinate system, so that the cylindrical velocity
componentsl andw at the center of each volume cell coin- dsiyp=* 0 |do’ d¢’, (18
cide with the Cartesian coordinatg andv, . o'

Evaluating each component, and v, in Eq. (12—
taking the cylindrical symmetry of the considered solutionswith parameter ranges:
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Ao Ae} P(t)—pel(n— 3)At)=pn— 3],

¢elemgety
Us(t)—ugnAt)=u,n],

[ Az a7 [ e Ag o ‘

ZET T 5T 2 W(t) = we(nAt) =w,n].
Using this parameter forms we arrive at the surface integralgach new value is calculated from the value of the last time
of the scalar quantity: step and the time derivative in the middle of the time inter-

val, which is obtained by the above difference E(&2),
ds = po/) f ds.r (23), and(24):
LV(OH)D Soi)=P N Sori)

] Aol Ae. pdn+ 31=pdn—3]+At pgn],
=+2p®@Az er—-|sin—-¢, _
Ulg[n'f‘l]:Ug[n]'f‘At Ué[n'f' %],
(19
wn+1]=w/n]+At wln+3] n=01,....
f p ds/oy=p"*'TAzAQ
N(+1-) The grid constanta ¢ and Az depend on the smallest
A A wavelength that occurs in the according direction of the
sin; e COSTQD éy) (200  sound field. In order to achieve good accuracy we chose
Ae=M\,/15 and Az=X\,/15. A, and \, are the smallest

wavelengths in thep or z direction. The Courant criterion

f p dsyn=p"""'0A0Ag &,. (21)  requires that the time stept be chosen such that
N (t/b)

The volume facegV q;y and 4V, contributes tou or w, At< 1

but ¢V, -, influencesu and—if regarded-+. Here it can T AT+ 1UAZZ

be seen that for a correct treatment, the popits’(™) are
required foru. Thus, pt™/(~) must be obtained by linear The least numerical dispersion is obtained right at the Cou-

interpolation fromp(® andp®. The need for this interpola- rant limit for Cartesian grids. A detailed von Neumann
tion is not a disadvantage of the two-dimensional grid. Tak-analysis of the cylindrical problem is omitted here. As the
ing a three-dimensional axially symmetrical grid would re- Courant criterion is only necessary and may not be sufficient,
sult in an interpolation from four gridpoints. This leads to we choseAt by trial. In Ref. 1 it is said that numerical
numerical problems which cannot be discussed here and agéability is always assured by choosidg=0.5 times the

one reason for not considering solutions having a tangentiggmallest grid distance for Cartesian grids. We can confirm
component. this also for the cylindrical grid.

Considering thag, ande, are parallel to the component p. The axis
u© andw(© and by taking Eqs(10), (13), (14) and (19)—

(21) one finally gets the complete set of difference equations: "€ control volume at the axis is a cylindrical-sector
volume touching i{Fig. 4). The first idea might be to set the

o p'®—pi L £© - p-grid points at the axis in order to simply avaid=0 in Eq.
u= Ao e (22 (10). But there is no inner volume face of the control volume
©_ b near'the axis. Due t'o the above fact, thgre must not be a
WO = p—p L 23 considerable grid point. If the pressure points are along the
Az z axis the CAFIT procedure cannot deal with those values.
_ _ Therefore, the values of the grid point must vanish along the
Lo u@mu® w—w® U@ u® RO axis. This is only possible for the radial velocity component
P= Ap Az 20 ' u, which—according to Eq(11)—must be zero and that is

(24)  not possible for the pressure which definitely has values not
Here it can be seen again that the cylindrical differential®du@l to zero. , , ,
equations have the same structure: The difference equation due to the grid polx¢ beside
the axis is:
P = (0) (t) —y(b)
ot d0 o 5 oz "tz (25 p© = — U wi—w 26)
Ap Az

u_ ap ow  dp

Using the discrete equations the propagation of sound is
received by calculatingnarching-in-timethe pressure and Setting the velocity to zero indicates that the axis behaves
velocity components in the numerical grid. As explained bylike a small rigid cylinder or wire.
Marklein in Ref. 1 the time-discrete steps for velocity and The control volume of the first radial velocity grid point
pressure are also staggerd. That means for every grid poidbes not touch the axis, thus it can be calculated from the
Pg, Ug, OF W normal difference equatio(24).
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N’/

FIG. 4. Volume cell at the axis.

FIG. 6. Sound fieldf=—0.05.

) ] tion” at the center. Thus, this test case is also used here to
It should be noted that for other numerical differenceest the CAFIT code. A second test case of more practical
methods without a staggered grid, it is much more complijnterest is the ratiation of sound by a cylindrical piston in a
cated to guarantee® to be zero, because a radial pressurepaffie.

gradient has to be avoided along the axis as this would lead
to not vanishing values for the radial velocity®

A. Spherical wave test case

E. The grid . L "
eon Ottitsch choses the following initial conditions fprand

Finally, the chosen grid performance is shown in Fig. 5.5, the spherical velocity pointing away from the center:
The radial velocity points are assumed to be zero at the axis

and are not represented in the grid arrangement. Boundaries 3.841+1)?
are easy to set up by positioning a press(oe velocity) p=- T *
gridpoint exactly at the boundary and arranging the velocity
(or pressurgpoints before and behind it, for describing the [2—4€*(1+1) +5e(l+1)?=2(1+1)°],
change of impedance there.
3.21+1)2
. TEST CASES U|ZT*[63(2| —t)—362(3|2+2|t—t2)
In order to prove the accuracy and applicability of the +31(413+ 712+ 21t2—t3) — 5|4
AFIT algorithm for cylindrical geometries, two numerical 5 5 ) .3
test cases are set up. Ottitdalses the reflection of a spheri- —t(14°+ 12+ 21t°—t7) ],

cal wave into itself for evaluation of several finite difference
schemes. This is a very critical case, as nearly the whole |=+r?+(z—1)?

energy is conserved in few grid points during the “reflec—With €=0.55 t=—0.4, and 6| +t<e. In all calculations

the radial coordinate is namednstead ofg. The numerical

0 grid of 160x80 points represents the half plane with
z=0---2 andr=0---1. The time step isAt=0.7Ar and
SO @K@ X @ X Ar=Az, | is the distance from the center, which iszat 1
: : ' andr=0. The analytical solution of such a wave can easily
guo, ] duiny b2y § be calculated.
; : ; Figures 6 and 7 show the wave for two different time
p[0,1 'p[1,1 'p[2,1 : steps calculated by CAFIT. The grid in front of both figures
(w[()l>1]xpw[1 1]xpi>x shows the analytical solution. The result is stable; only some
’ i ’ i ' slight numerical oscillations can be noticed at the back of the
[0, 0] AU[LO] A“[zvo] A wave. In Ottitsch’s work, only the MacCormack scheme
: : : gives a comparable result.
<PIQ,.Q$>....§<P.[.1.’.(1>...gf.’ [2’0 Y Figure 8 shows comparison of the pressure obtained by
w(0,0] ¢ w[1,0] : the analytical solution and the numerical results of CAFIT
1 : : and the MacCormack schemes. The pressure values of
5 CAFIT are taken from a line perpendicular to the axis; those
from the MacCormack scheme along the axis. The results of
FIG. 5. The grid in the cylindrical half plane. the MacCormack scheme differ more, in spite of the higher
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FIG. 8. Numerical and analytical solutig80X160).

FIG. 7. Sound fieldf=0.95.

sirf(tx ), 0<t<1

, , , , _ Wp(t)= 0, otherwise.
efforts in programming this two step algoritihithe grid
has been chosen rather roughly, in order to make a diredtor showing the limit of this code we chose a very rough
comparison to Ottitsch’s workpossible. A finer grid(320 ~ 9grid with Ar=Az=0.1. We take a finer grid with
x640) gives very good agreement between numerical and\! =Az=0.025 in order to prove that a very good agreement
analytical solution(Fig. 9). between the analytical and numerical solution can be

This test case proves that this numerical code is capabl@chieved. For both gridat=0.7Az. Using 60<40 points or
of calculating cylindrical wave propagation, especially the240X160 points, respectively, the grids represent the half
reflection at the axigwhich is a superposition of passing Plane withz=0---6 andr=0---4. Assuming a bandwith of
waves in reality. the exciting signalv,(t), defined by the spectral amplitude
of 10 percent of the maximum, the smallest wavelength is
Amin=0.625. Note tha\r =Az is approximately\ /6 for

The second test deals with the transient radiation of dhe coarse grid.
cylindrical piston of radius, set in the rigid boundary plane As the axis is supposed to be the critical region for the
atz=0 and driven with velocityw,(t). An analytic expres- numerical scheme, the analytical and numerical time signals
sion of the transient pressure field is cited by HatriEhe atr=0 andz=1, 3, 7 are compared in cas@—(c) in Figs.
pressure is given by two convolution integrals valid for re-10 and 11. The evaluation of Eq&7) and (28) for r #0
gions | or Il: must be performed by numerical integration. This is done for

z=2 andr=2 in case(d).

B. Piston test case

1 (6 In Fig. 10 the results for the coarse grid are shown.
p(zr,t)= ;f Wp(t—R1(6))—wy(t—Ry(6))do Good agreement can be seen between both types of solu-
0 tions. That the finer grid leads to a very good correspondence

l:r>a, 27 is shown in Fig. 11. In Fig. 12 a snapshot of the sound field

att=3 is shown for the coarse grid. Some numerical oscil-

1 (n lations occur behind the pulse. The semi-circle in front de-

p(z,r,t)=wy(t—2)— ;f W,(t—Ry(6))de Illir<a. notes the position of the piston.
0

(28)
The limit of integration is 8;=arcsin@/r). Ry(6) and CAFIT
R,(0) are the distances between the point of observation at ¢ ; analytical -----
(z,r) and the “front” and “rear” edge of the pistory is the
parameter of integration: "
% 0
- 0
Rl,z(a):\/22+(r cos #F \VaZ—r? sir? 6)2. g
-0.1
Only for points at the axisr(=0) may Eq.(28) be written in
a closed form: 0.2}
0.2 0.4 0.6 0.8 1
P(z,0,t) =wy(t—2) —wp(t—ya®+z%). (29 dictance
The piston is driven by the velocity: FIG. 9. Numerical and analytical solutid820x640).
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FIG. 10. Numerical and analytical time signals for coarse grid FIG. 11. Numerical and analytical time signals for fine grid
(Ar=Az=0.1) at several position&)—(d). The solid line represents the (Ar=Az=0.025) at several positiortg)—(d). The solid line represents the
numerical solutions, the dashed one the analytical. numerical solutions, the dashed one the analytical.

C. Test case conclusions distribution of the initial condition {=0) is shown in Fig.

Both cases show that the CAFIT scheme is capable 0%3'
calculating cylindrical wave propagation. Not only for the
reflection at the axis, but also for the radiation from cylindri-
cal sources is this code consistent and stable.

The front boundary of the medium where the beam en-
ters is assumed to be rigid. In Figs. 14 and 15 the sound
fields at the time=0.3 andt=2 are shown. Only the region
near the Bragg peak is shown, as the most interesting aspects
are noticed here. The radiation of sound from the ther-
moelastic source is clearly visible. The propagation of the
IV. EXAMPLES spherical wave due to the Bragg peak and the cylindrical
A. lon-acoustic source wave due to the constant LET along the beam track can also
) ) be noticed in these figures.
A short-pulsed heavy-ion beam of high energy forms a |, order to perform a further test, these calculations are

thermoelastic source that is well described by the initialmage for a time signal at positia 20, r =0. In Fig. 16 the
condition® '

_O_,B*cgzq, dE
p(z,r,t= )_T (r’Z)E

T r2 \ dE
T 27l ex 202 dz’
u(z,r,t=0)=w(zr,t=0)=0,

where c; is the specific heat at constant pressy8g, the
thermal expansion coefficient addthe so-called Gmoeisen \
parameter, which is a measure for the efficiency of the ther- 4 ‘ -0.5
moelastic sound generation proce¥sis the function of the
radial energy densityr the Gauss radius of the beam profile
and dE/dz of the distribution along the axis, the so-called
linear energy transfglLET). There is a maximum at the end
of the beam track called the Bragg peak. The computation is
made due to the data of a beam of carbon iotf€) of
energy 300 MeV/u. The lengthf is 1 cm. The pressure  FIG. 12. Sound field of piston in a baffle=3.0, coarse grid60x40).
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FIG. 13. Initial pressure conditiort€0).

FIG. 14. Detailed pressure field=0.3).

FIG. 15. Detailed pressure field=2.0).
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FIG. 16. Comparison of CAFIT and disk model.

results are compared to the calculation of the same problem
performed by the superposition of gaussian disk sotftces.

B. Doppler injection device

Development of the Doppler injection device in the field
of biomedical engineering is useful to achieve more safety
for punctures of arteries and veins. An ultrasonic Doppler
transduce(circular piston transducgis fixed to the plunger
of a liquid filled injection device. The problem is to guide the
ultrasonic waves through the injection into the needle with
high efficiency. Due to the cylindrical geometry of injection
devices, the CAFIT procedure is appropriate to calculate this
guided wave propagation and the manifold reflections at the
walls of injection and needle.

In Fig. 17 the geometry of the modelled injection is
shown. In order to excite many higher order modes for evi-
dent presentation, a flat angle is chosen for the cone adapter.

The center frequency of excitation f§ =4 MHz. The
unit length isl§ =1 mm, c§=1500 m/s. Every boundary is
assumed to be rigid, as well as the plunger and the piston.
The radiation of the piston transducer is modelled by setting
the velocityw, uniformly at the piston surface to:

needle

displayed
half plane

cone adapter

transducer. |
) injection
plunger —

\—/\/\__

FIG. 17. Geometry of Doppler injection device.
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FIG. 20. Higher order mode propagation in the needle.

9 1.5 3.0 mode, the slower it propagates along the axis. Thus, the dis-

r/mm tance between the modes increases during their passing

through the needléig. 20.
FIG. 18. Wave fronts near the transduces(1.032).

Sln(2wfot)sm( —) Osts V. CONCLUSIONS

Wy (1) = 10 fo

0, otherwise. The CAFIT code provides a suitable tool for calculating

cylindrical wave propagation. It may be utilised for the com-

In the following, the simulation results are shown by putation of many probe characteristics in nondestructive ul-

shapshots of the pressure magnitude at different times.  trasonic testing applications, using cylindrical probe trans-
In Fig. 18, the sound wave at time=1.032 is shown. ducers in fluids. Further applications are the description of

The plane wave and the edge wave component coming frorarbritrary thermoacoustic sources, like laser, ion, or electron

the radiators rim can be observed. beams, which mostly have a cylindrical geometry. Sound
Figure 19 shows the sound wave travelling through thepropagation in pipes may be calculated, for instance to sup-

adapter into the needle. The parts of the wave fronts near theort the construction of sound absorbers. For this purpose the

axis enter the needle nearly undisturbed, whereas the out&AFIT code has to be extended to the Navier—Stokes equa-

parts—multiplied at the wall reflected—enter needle andions including dissipative terms.

adapter later and at different angles. This is the reason for the This cylindrical code is also extended to elastodynamic

excitation of higher mode sound propagation in the needle.equations for describing sound propagation in solids. Never-
In order to identify the mode order one has to count thetheless, this code can be used for initial evaluation of the

maxima along the cross section of the needle. The higher theressure waves, neglecting the shear wave components.

22
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FIG. 19. Wave entering the needle; time steépB8.25,t=12.375,t=16.5 andt=20.
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An experimental investigation of the propagation of sound
over a curved, rough, rigid surface
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Small-scale laboratory experiments have been conducted to study the propagation of sound over a
curved, rough, rigid, convex surface in the rakd=275-550, andke=0.09—0.18, wher& is the

wave number,R the radius of curvature, and the characteristic roughness length scale of
steep-sloped, densely packed scatterers. Experimental results are presented at 6, 8, and 12 kHz, with
the receiver successively on the surface, along the line of sight behind the surface, and along a
vertical axis in the shadow zone. At low frequendies 6 kHz, ke=0.09, a boundary wave caused

by coherent multiple scattering develops near the surface, creeps into the deep shadow zone, and
increases the sound-pressure levels measured in the deep shadow zone by up to 8 dB as compared
to the levels measured in the absence of surface roughness. At high frequércigskHz, ke

=0.18), surface roughness causes incoherent scattering and decreases the measured sound-pressure
levels by about 10 dB on the surface, in the shadow zone, and by 10 to 20 dB along the line of sight
behind the apex. It is shown that incoherent scattering occurs mostly in the bright zone, before the
apex, whereas coherent scatteribgundary wave growjhoccurs all along the surface, even in the

deep shadow. €1997 Acoustical Society of Amerid&0001-4967)03707-7

PACS numbers: 43.20.Fn, 43.28.Fp, 43.30.Hw, 43.50.@S]

INTRODUCTION tential relevance in the design of effective sound barriers and
berms, and also in the propagation of sound over realistic
The scattering of sound by rough surfaces with charactopography in an upwardly refracting atmosphere.
teristic roughness length scales smaller than the acoustic |n many practical cases, the ground surface is made of or
Wavelength has received considerable attention over the |a§bvered by Steep_s|oped, dense|y packed scatterers upon
four decades in the context of underwater acoustics and, to\ghich sound waves impinge at shallow grazing angles.
lesser extent, atmospheric acoustics. The book by OGilvy\yithin this context, the seminal work of TwersRy,
gives a very comprehensive review of the state of the art ifrg|stoy 78 and, more recently, that of Lucas and Twersi
acoustic and electromagnetic scattering by rough surfacegy, sound propagation over a flat, rough surface is particu-
Similarly, wave diffraction by curved surfaces, with radius |5y important. The main result is that the coherent part of
of curvature much greater than the wavelength, has beefe scattered field appears in the form of a so-called bound-
treated in great detai(See, for instance, the work of Fdck ary wave localized near the rough surface. The amplitude of
for electromagnetic waves, Piefand Berry and Daigftfor i boundary wave can be very substantial at large distances
acoustic waves.There seems to be, however, neither daté\n outdoor sound propagation near a rough ground because it

nor theory on the combined problem of low-frequency SC""t'spreads cylindrically and not spherically. Its amplitude is

tering and high-frequency diffraction of sound waves propay roportional toek, where e is the characteristic roughness
gating over curved rough surfaces, even though such prolf) y

LT " “ength scale which will be defined in Sec. |, and whkris
lems are frequently encountered in either atmospheric %he acoustic wave numbefOne should note that methods
ocean acoustio®.g., shadowing behind a realistic berm, hill

or seamoudt Another motivation for studying the sound based on perturbation techniques cannot predict this first-

field behind a curved rouah surface is that the problem iSorder effect inek because these methods are intrinsically
g P second-order effects. For instance, the classical réghtt

analogou$to sound propagation over a flat, rough ground in; . : .
9 bropag gh g coherent scattering by surface irregularities causes the re-

an upwardly refractive atmosphere, a common occurence i i Hicient to d b fact ¢ th q ¢
outdoor sound propagation. Within this context, Medwin and ec '20? coetlicient to decrease by a factor ot the order o

Novarinf have given a somewhat qualitative description ofe 2%z is a second-order effect iek,, wherek, represents
what might be expected when refraction and bottom scatteithe wave-number component normal to the surface.

ing are combined in underwater acoustic propagation, butto ~ Scale model experiments with grazing sound propaga-
the authors’ knowledge, no work has been published on th#éon over flat, rigid, rough surfaces have been reported by
diffraction of sound by curved, rough surfaces. The objectiveMedwin and others?~** They measured a boundary wave

of this paper is to report experimental results on the relativevhich propagates near the surface with cylindrical diver-
contributions of diffraction and scattering in the shadowgence at a slightly subsonic sound speed and, eventually,
zone, behind a curved, rough surface. This problem has peelf-destructs at large distances because of incoherent scat-
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tering. Medwin and D'Spaif have shown experimentally 2
that, under proper conditions, surface roughness can cause an t
increase in the amplitude of the peak pressure by a factor of Source g =0 -line of sight z

—_———.

up to 4.5(or 13 dB as compared to what would have been
measured over a smooth surface. Medeiral 1 also stud-

ied experimentally the diffraction of the boundary wave by a
rigid 208° wedge covered with hemispherical scatterers. The
main result is that the boundary wave diffracts in the same
manner as a volume wave. At present, the authors are un-
aware of any experimental resuftar theory on the diffrac- .. tone-burst generator set to produce six cycles of a pure tone
tion of sound by curved surfaces randomly covered W|thOf tunable frequency. In our experiments, the frequency
steep—slqped scatterers. . range of interest was between 6 and 12 kHz. The source was

In this paper, we present data in the 6—12 kHz range o

the propagation of sound over a convex surfagith radius ®ound to be omnidirectional to within 1 dB in a 15° cone
) : around its axis of symmetry. The source was placed at a
of curvatureR=2.5 m, i.e.,kR=275-550, covered with y y P

. . distance of 1.12 m from the apex of the convex surfé8ee
small gravel with characteristic roughness length scale

— . Fig. 1) The receiving microphone was a 6.35-mm (1/4 in.)
=0.085 cm. With these parameters, the valuekofange condenser microphone. The signal was amplified and filtered

Lrom 0+09 to O'lﬁ' a range vt\;here fqbzti%gﬂ%:_heﬁeds CaUSEB_30 kH2, captured on a digital oscilloscope triggered by
y surtace roughness can be anticip - 1NE EXPEM- 1o tone-burst generator, and transferred by general purpose

mental arraqgement is described _in the first sectior_l. In th?nterface bugGPIB) to a computer for further analysis. The
second section, we present experimental data obtained Su&’gnal-to-noise ratio was 30 dB or better. In the results

cessively on the curved rough surface, along the line of Sighéhown below, the measured quantity is the insertion loss

behind the surface, and along a vertical axis in the shado;/g’l_), which is, in decibels, the sound-pressure level in the

zone. In an attempt to predict the.measured dzﬁa, we al resence of the rough surface relative to that which would
present calculations of the creeping wave sériedfor have existed in a free field at the same location.

smooth convex surfacksn which the surface impedance
takes a finite value that is calculated according to the analogM

. . RESULTS
between surface roughness and surface impedance. Such an
analogy has been proposed by Tolstd§Howel” and more  A. Fully rough surface
recently by Attenborough and Taherzad&Because of the The geometry of the problem is shown in Fig. 1. Experi-
limited success of this approach, more experiments havpne

b iod furth d qth lati i ntal results were obtained at 6, 8, and 12 kHz, succes-
een carried out to further understand the relative contri uéively on the surfacéFig. 2), along the line of sight behind

tions of scattering and diffraction of sound by curved, rough,[h surface(Fig. 3, and along a vertical axis in the shadow
surfaces. These experiments are also reported in the seco (S};e(Fig 4. In F’ig > the abcissa is the arc distarge

section. In the third ;ection, we discuss how these indoofneasured from the apes+0) such tha is positive in the
model ex_per_|ments might scale for outdoor sqund Propadasy 5 gow zone and negative in the bright zone. The solid line
tion a_ppllcanons and we draV_V some conclusions from thqn Figs. 2—4 represents the theory for a curved, smooth, sur-
experimental work presented in this paper. face based on the creeping wave seti&s(In this calcula-
tion, the receiver is 5 mm above the plywood surface to
I. EXPERIMENTAL ARRANGEMENT account for the physical size of the microphone used in the
experimeni. As expected, there is a marked contrast between
Experiments were conducted indoors in a standard labathe effects of surface roughness at low frequencies and at
ratory environment. The curved surface was constructed dfigh frequencies. Figure(® shows that, at 6 kHz, the effect
rigid plywood. Its radius of curvature was approximately 2.5of surface roughness is to decrease the insertion (ioss
m near its apex. To produce rigid surface roughness, fishtankcrease the sound-pressure Igvelative to that of a smooth
gravel was spread over a thin adhesive sheet of paper placedrface. For instance, a=100 cm, the effect of surface
over the plywood surface. The statistics of the rough surfacgoughness is to decrease the insertion loss by 6 dB relative to
were measured and found to be comparable to those reportéigat measured on a smooth surface. At 12 kHz, shown in Fig.
by Medwin* for #2 gravel. For a broad range of steep-2(c), incoherent scattering dominates and leads to increased
sloped, isotropic, randomly rough, rigid surfaces, the characnsertion lossesi.e., reduced relative sound-pressure levels
teristic roughness length scatés empirically describedin  poth in the bright zoneg<0) and in the shadow zones (
terms of the surface statistics: average heighy, standard >0). At 8 kHz, there is a transition regime where the inser-
deviation in heighto, and horizontal correlation length,,  tion loss is higher in the bright zons<€0) but lower than in

FIG. 1. Geometry of the problem.

according to the shadow zone past-60 cm, relative to that which would
€ o 2 exist over a curved smooth surface.
F =0.35- 0'15{‘&(?) - 1.5} . (1) Figure 3 shows the insertion loss behind the curved sur-
e

face along the line of sight, also at 6, 8, and 12 kHz. In Fig.
We found thate was 0.085:-0.025 cm in our experiment. 3(a)—(c), the abscissx is zero at the apex of the curved
The sound source was a small midrange tweeter driven by surface. Clearly, the effect of surface roughness is to increase
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FIG. 2. Insertion loss on the surface(at 6 kHz, (b) 8 kHz, and(c) 12 kHz. FIG. 3. Insertion loss along the line of sight(aj 6 kHz, (b) 8 kHz, and(c)

®: experimental data over the curved, rough surfaéeexperimental data 12 kHz. @: experimental data over the curved, rough surfa¢e;experi-

over the curved smooth surface; : creeping wave series for a rigidnental data over the curved smooth surface; . creeping wave series
smooth surface; - creeping wave series for a smooth surface with impedor a rigid smooth surface; ----: creeping wave series for a smooth surface
anceZ* = pc/(—ike), with e=0.085 cm. with impedanceZ* = pc/(—ike), with e=0.085 cm.

the insertion loss along the line of sight relative to that meain the data can be observed. The insertion loss of the curved
sured over the smooth surface. Figufe)Zhows that, at 12 rough surface is lower at the surface=0) than it is just
kHz, the effect of surface roughness is to increase the inseebove(at z=2 cm). This dip indicates that a boundary wave
tion loss measured along the line of sight, 40 cm behind thés present, even at 12 kHz where incoherent scattering is
apex, by as much as 20 dB compared to what would havelearly the dominant effect.
been observed over a smooth surface. In fact, the difference Figures 2—4 indicate that the effect of coherent scatter-
in relative insertion losses remains of the order of 15 dB oiing (i.e., the boundary wayes significant at 6 kHz, i.e., at
more from x=40 cm to x=150cm, a rather astounding ke=0.09. An experiment was carried out with very small
value considering the relatively small size of the roughnessurface roughness to assess the smallest valke af which
elements used in this experime(tk=0.18, i.e., whene the boundary wave becomes noticeable. In this experiment,
=3% of the wavelength the plywood surface was covered with thin sheets of chiseled
Figure 4 shows the insertion loss behind a curved surplexiglass used for fluorescent overhead fixtures, with a mea-
face along a vertical axis in the shadow zone. The receiver'sured value ofe=0.008 cm. At 5 kHz ke=0.0075), the
initial position was on the surfacez£0), deep into the results followed within experimental errors the insertion loss
shadow zone, at an arc distange 100 cm from the apex. obtained over a smooth, rigid surface. However, at 10 kHz
The receiver was moved vertically across the shadow zonéke=0.015), the insertion loss for the rough surface was
crossed the line of sight at=20cm, up to a height systematically slightly lower+ 0.5 dB) than for the smooth
=40 cm above the surface. At 6 kHz, Figa#shows near rigid surface, thus showing that the effect of the boundary
the surface £<<10 cm) a pronounced decrease in insertionwave becomes measurable at values/af as low as 0.24%.
loss relative to that of a curved smooth surface. This de-
crease in insertion loss diminishes with increaskig (or
increasing frequency in our experimgmwhich is qualita-  B: Analogy between surface roughness and surface
tively consistent with the notion that a boundary wave creep%:mpeo"”mCe
into the shadow zon¥ Indeed, at 12 kHz the insertion loss Tolstoy’'® and Howé’ have shown that, under certain
of the curved, rough surface is higher than that of the smootkonditions, one can rewrite the boundary condition above a
surface at all locations along tlzeaxis. An interesting trend flat, rough surface in the form of a standard impedance
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107 where =ik B and B=pc/Zg is the normalized surface ad-
mittance,pc being the characteristic impedance of the upper

% 6— fluid, and Zg is the acoustic impedance of the smooth sur-
g 4 ® face. By comparing boundary conditiof®) and (4), it ap-
g 24 KR o pears that there is a formal analogy between sound propaga-
g 0¢ 35, .o tion near a flat impedance plane and near a randomly rough,
- -2-; shadow zone bright zone r|g|d p|ane, if n= kZE, i.e., if

%

T IAARARARASI AR U
6 5 10 15 20 25 30 35 40

Vertical Distance Above the Surface (¢cm)

,8=;—C=—ike. (5)

Therefore, rigid surface roughness can be understood as add-
®) ing a purely reactive part to the surface impedance. This
analogy has been suggested by several authors, and it has
3 also been discussed in the context of nonrigid rough
4], Shedowzone  bright zone surface$617 Recently, Attenborough and Taherzatfeh
0 5 10 15 20 25 30 35 4 have combined and somewhat generalized Tolstoy and
Vertical Distance Abave the Surface (cm) Howe's results(In Attenborough and Taherzadeh’s paper,

Inscrtion Loss (dB)

fasd

zs o ‘e, appears aw /2, whereay is the volume of scatterers per
52;): o .. unit area) With the analogy represented by E(p), the
gls_ ,.: boundary wave that propagates along a rough surface is for-
g 103 - ® N © mally equivalent to Wenzel's trapped surface wéveear an
£ 53 o,;) impedance plane with large reactance. Indeed, Wenzel's Eq.
o E teeedd (20) in Ref. 19 has exactly the same form as Tolstoy’s equa-

shadow zone bright zone

| shadow zone  bright zome tion (13) in Ref. 20 if 5 is replaced by?e, and«, the wave
0 5 10 15 20 25 30 35 40 number of the boundary mode, hik?+ 7. Both boundary

Ventical Distance Above the Surface (cm) modes(surface wave or boundary wavéecay exponentially

. . - . 2 71 .

FIG. 4. Insertion loss along a vertical axis at an arc lersgti1.00 m behind with helght. The 1 helght IS (6k ) J (,Or 1/77)’ both mOde$
the apex on the surface=0 is on the surfacez=20 cm is the line of sight, ~are slightly SU_bsomcv but the deviation from_ the free-field
z=40 cm is in the bright zong@a) 6 kHz, (b) 8 kHz, and(c) 12 kHz. ®: sound speed is a second-order effect and it can be safely
experimental data over the curved, rough surfa¢e; experimental data ignored.

over the curved smooth surface; —: creeping wave series for a rigid =\t o0k an analogy is also valid over a curved surface,
smooth surface; ---: creeping wave series for a smooth surface with imped- . . i
anceZ* = pc/(—ike), with e=0.085 cm. one should be able to predict the insertion loss of a curved,
rough surface by evaluating the creeping wave sétrasith

an effective surface impedanzé = pc/(—ike). The nondi-

S : fhensional surface impedance parametavhich appears in
rough boundary by a distribution of monopoles and dipoles; . creeping wave series is therefore calculatedqhs

whose scattering coefficients depend on the geometry of the (K1) (ke), wherel = (R/2k?) Y3 s the characteristic diffrac-
boundary. If the scatterers are smaller than a wavelength, lengtt? associated with the curvature of the hill.
their strengths can be calculated from Rayleigh scattering The results are plotted with a dashed line in Figs. 2—4

th.e.ory.. In the Calsﬁe of isotropic roughness, the boundary Corblearly, the analogy yields poor predictions, except possibly
dition is writterf'° as at low frequencies, on the surface, in the shadow 46
b, + e(k2p+0od,,)=0, (2)  2(a)]. A likely explanation is that the analogy does not take
into account incoherent scattering. Also, it may not hold for
mal to the surface baselifao curvature assumgdando is densely prked scattergrs. In other V\_/or_ds, the equivalent im-
B_edancezS should also include a resistive component asso-

au?agzg]itfe:h;ha;acéfrnﬂggségie?gglng]tae;:?rf:j't:%; thc;@ted with the attenuation of the boundary wave. Therefore,
burp Paper, PHle characteristic roughness length scakhould be treated

fectly rigid, although this is not a limitation of the approach. as a complex quantity. even when dealing with riaid. rouah
When|o ¢, <|k?¢|, i.e., wheno sir? 6<1, whered is the piex quantity, . 9 9id, roug
surfaces. Preliminary results with a complexhave been

grazing angle, the boundary conditi) is approximated by recently reportett but more work needs to be done to estab-

¢, + ek?p=0. 3 lish the range of validity of the analogy between a rough

This approximate boundary condition is therefore appropri_boundary and an impedance boundary with finite curvature.

ate at near grazing sound propagation and/or for sparse sca: Partially rough surface
terers. This boundary condition at a rough interface is in the

; . Three additional experiments were carried out to deter-
form of a standard impedance boundary condition at a flag . .
. et . mine the relative effect of boundary wave growtioherent
plane(with thee convention

scattering and attenuatiofiincoherent scatteringalong and
¢,+1n¢p=0, (4) behind a curved, rough surface with a configuration identical

where ¢ is the acoustic velocity potential, tteeaxis is nor-
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FIG. 5. Insertion loss in the deep shadow zone as roughness is gradual
removed. The receiver is on the surface at an arc lersgtti,.00 m behind
the apex. The abcissa is the location of the smooth-rough interfacé.
kHz, (b) 8 kHz, and(c) 12 kHz.O: experimental date®: experimental data
from Fig. 2 for the curved, fully rough surface : experimental data from
Fig. 2 for the curved, fully smooth surfaclk: prediction from the creeping
wave series for the fully smooth surface.

to that shown in Fig. 1. In the first two experiments, the
source and receiver were fixed, the receiver being on th
surface, deep into the shadow zone&tl00 cm. In the first

experiment, strips of surface roughné48-cm wide were

progressively removed from the bright side to the shado
side to study the transition from a fully rough to a fully
smooth surface. In the second experiment, a single str

(20-cm widg of roughness elements was progressivelyq

s |

moved from the bright side to the shadow side, every 10 cm,
over the otherwise smooth surface to examine where th

scattering effects were dominant. In the third experiment, the
bright side of the hill was left smooth, the shadow side was,

covered with roughness elements, and the insertion loss w

shadow zone, whereas it is plotted up to 120 cm for 8 and 12
kHz.) As roughness is removed, the insertion loss remains
nearly constant until the smooth—rough interface reaches ap-
proximately s= —60 cm, s being the arc length measured
from the apex. At this location, the ray path between the
source and the receiver makes an angle of 8° with the hori-
zontal axis(source apek so that the angle of incidence with
respect to the curved surface is about 22°. When roughness is
removed beyond this point, the insertion loss in the shadow
zone drops. The location of this drop characterizes where
scattering effects dominate and that location appears to be
nearly independent of frequency. However, the magnitude of
this drop is much more dramatic at higher frequencies as one
would expect, since attenuation by incoherent scattering is
dominant at higher frequencies. As the roughness is removed
near the apex and beyond, the insertion loss begins to rise.
This is consistent with the notion that a boundary wave that
is creeping into the shadow zone grows with distance. Re-
moving roughness in the shadow zone reduces the distance
over which the boundary wave can grow and one observes,
at a given frequency, a progressive increase in insertion loss,
as shown in Fig. 5.

2. Moving a strip of roughness across the smooth
surface (fixed source, fixed receiver)

In this experiment, a strip of roughness with a width of
20 cm was moved over the otherwise smooth, curved sur-
face, from the bright zone to the deep shadow zone. The
Bource was fixed, 1.12 m from the apex. The receiver was in
the deep shadow, on the surface, at an arc lemgth
=100cm. The results obtained at 6, 8, and 12 kHz are
shown in Fig. 6a)—(c), where the abcissa is the location of
the center of the strip of roughness, and the ordinate is the
insertion loss at the receiver. An increase in insertion loss
can be observed at arousek — 60 to —40 cm as the rough-
ness strip is moved through the bright zone. This effect is
ore pronounced at higher frequencies and confirms that this
region is where incoherent scattering effects are dominant.
The drop in insertion lossi.e., increase in sound-pressure

VYeveI) that is observed fos>—40 cm confirms the notion

ig;at a boundary wave develops along the surface. Again,

hen comparing the insertion loss measured at different fre-
uencies, one should keep in mind that the strip of roughness
ooks” twice as long at 12 kHz than at 6 kHz, thus allow-
%g for further boundary wave growth.

3. Roughness in the shadow zone only (fixed source,

%oving receiver)

measured successively on the surface and along the line of

sight. The results are purely experimental.

In this experiment, the curved surface was completely

smooth in the bright zones&0) and covered with gravel
over the entire shadow zone*0). The source was 1.12 m

1. Gradually removing the roughness (fixed source,
fixed receiver)

Figure 5a)—(c) shows the experimental results obtained

from the apex. Figure(d)—(c) shows the insertion logepen
circles measured on the surface at 6, 8, and 12 kHz, whereas

Fig. 8@—(c) shows the insertion los&@pen circleg along

at 6, 8, and 12 kHz, respectively, when gradually removinghe line of sight, also at 6, 8, and 12 kHz. For comparison,
the roughness. The abscissa in Fig. 5 is the location of theve also show the insertion loss measured over the fully
smooth—rough interface, and the ordinate is the insertion losough surfaceblack circles, over the fully smooth surface
measured at the receivéThe data at 6 kHz is available only (black diamondyg as well as the predictions from the creep-
up to a smooth—rough interface located-a60 cm in the ing wave seriegsolid line). Again, the results shown in Figs.
711 J. Acoust. Soc. Am., Vol. 102, No. 2, Pt. 1, August 1997
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FIG. 7. Insertion loss on the curved surfacéat6 kHz, (b) 8 kHz, and(c)
FIG. 6. Insertion loss in the deep shadow zone as a 20-cm-wide strip 0{2 kHz when the surface is fully smooth fex<0 and fully rough fors
roughness is gradually moved across the surface. The receiver is on theg The abcissa is the location of the receiver. experimental data®:
surface at an arc lengtts=1.00 m behind the apex. The abcissa is the experimental data from Fig. 2 for the curved, fully rough surfa¢e;ex-
location of the center of the strip of roughne&.6 kHz, (b) 8 kHz, and(c) perimental data from Fig. 2 for the curved, fully smooth surface;
12 kHz. O: experimental data®: experimental data from Fig. 2 for the ¢reeping wave series for a rigid smooth surface.
curved, fully smooth surface.

7 and 8 are consistent with the notion that boundary wavéepresents the arc length along the surface, anid the
growth, which occurs near and along the surface in thdeight of the field point measured along a normal to the
shadow zone, is dominant at 6 kHz, whereas incoherent scagtrface. The apex of the hill is defined by-0 andv =0.
tering, which occurs mostly in the bright zone, is the domi-The nondimensional parabolic coordinates which scale the
nant effect at 12 kHz. Indeed, removing the scatterers in theroblem are given by
bright zone consistently lowered the insertion loss at all fre- 20
guencies and receiver locatiofexcept at 6 kHz where scat- gz(ﬁ) (kl, v:(ﬁ
tering effects are negligible This result may have some

practical importance in the design of berms for highwaySimilarly, the distancex along the line of sight can be non-
noise reduction. To the authors’ knowledge, no theory isdimensionalized into

currently available to predict the measured insertion losses.

(k1)2. (7)

X= 21/3

X

ﬁ) (k). (8)
IIl. SCALING

For practical applications, it is necessary to discuss the As far as theﬁJughness ‘scaling is concerned, one can

scaling involved in our indoor experiments. We discuss firsthtroduceH=kH, o=ko, andL=KkL, as nondimensional
the scaling associated with the diffraction problem, and thenvariables for average height, standard deviation, or rms
the scaling associated with surface roughness. Fbels  height, and correlation length, respectively, which léats
shown that, for the diffraction of waveéwave numbek) by ~ the nondimensional roughness scale parameteke. For
a curved smooth surface of radius of curvatRethe char- ~Propagation over a flat, rough surface, the boundary wave is

acteristic nondimensional scale is expressed in nondimensional form as
kR 1/3 P o -
k':<7) : () So|XeT Yo Tee e AT, ©)
D

The nondimensional field coordinatésy) can be fountfby ~ wherer =kr, z=kz (z being the height above the boundary
introducing a parabolic coordinate systers,u(), wheres 5= 6/k, andB= By, /k?, whered and 3, are the linear and
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along the line of sight behind the surface, and along a verti-
cal axis in the shadow zone. It appears that surface roughness
can have a drastic effect on the sound-pressure levels mea-
sured in the shadow zone and in the penumbra region. At
low frequencies(f=6 kHz, ke=0.09, a boundary wave
.,58 caused by coherent multiple scattering develops near the sur-
face, creeps into the deep shadow zone, and increases the
0 20 40 60 8 100 120 140 160 sound-pressure levels measured in the deep shadow zone by
Distance Along the Line of Sight (cm) up to 8 dB as compared to the levels measured in the absence
of surface roughness. At high frequencids=12 kHz, ke
e ® =0.18, surface roughness causes incoherent scattering and
*° * 6000000 decreases the measured sound-pressure levels by about 10
O I% + | ® dB on the surface, in the shadow zone, and by 10 to 20 dB
along the line of sight behind the apex. Predictions obtained
by modeling the rough surface as an equivalent smooth sur-
face of finite impedancé'8in the computation of the creep-
ing wave seriés'®are, in general, poor estimates of the mea-
sured data, except on the surface and at low frequencies.
(Recent resulté! however, indicate that good predictions
can be obtained if one introduces a compiewhose phase
. © accounts for t_he attenuation of the boundary wave by inf:o—
o 2 °06%0000%0 herent scattering.To further understand the relative contri-
S 6 . esste® butions of the diffraction and scattering mechanisms, addi-
{oee> tional experiments were performed with a partially rough,
AR RS RS AN AR AR R R curved surface. It appears that incoherent scattering occurs
0 20 40 60 80 100 120 140 160 ; :
Distance Along the Line of Sight (cm) mostly in the bright zone, before the apex, whereas coherent
scattering(boundary wave growthoccurs all along the sur-
FIG. 8. Insertion loss along the line of sight behind the apex of the curvedface, even in the deep shadow. These effects may be impor-
surface at(a) 6 kHz, (b) 8 kHz, and(c) 12 kHz when the surface is fully tant when Considering |Ong_range sound propagation over
smooth fors=0 and fully rough fors>0. The abcissa is the location of the o 5)istic terrain, or in the design of effective sound barriers
receiver along the line of sigh©: experimental date®: experimental data . . .
from Fig. 3 for the curved, fully rough surface: experimental data from and berms for highway noise reduction. At present, the au-
Fig. 3 for the curved, fully smooth surface; ——: creeping wave series forthors are not aware of any theory available to predict the
a rigid smooth surface. measurements reported in this paper.
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An inverse scattering method that uses eigenfunctions of the scattering operator is presented. This
approach provides a unified framework that encompasses eigenfunction methods of focusing and
quantitative image reconstruction in arbitrary media. Scattered acoustic fields are described using a
compact, normal operator. The eigenfunctions of this operator are shown to correspond to the
far-field patterns of source distributions that are directly proportional to the position-dependent
contrast of a scattering object. Conversely, the eigenfunctions of the scattering operator specify
incident-wave patterns that focus on these effective source distributions. These focusing properties
are employed in a new inverse scattering method that represents unknown scattering media using
products of numerically calculated fields of eigenfunctions. A regularized solution to the nonlinear
inverse scattering problem is shown to result from combinations of these products, so that the
products comprise a natural basis for efficient and accurate reconstructions of unknown
inhomogeneities. The corresponding linearized problem is solved analytically, resulting in a simple
formula for the low-pass-filtered scattering potential. The linear formula is analytically equivalent to
known filtered-backpropagation formulas for Born inversion, and, at least in the case of small
scattering objects, has advantages of computational simplicity and efficiency. A similarly efficient
and simple formula is derived for the nonlinear problem in which the total acoustic pressure can be
determined based on an estimate of the medium. Computational results illustrate focusing of
eigenfunctions on discrete and distributed scattering media, quantitative imaging of inhomogeneous
media using products of retransmitted eigenfunctions, inverse scattering in an inhomogeneous
background medium, and reconstructions for data corrupted by noisd999 Acoustical Society

of America.[S0001-49667)02308-4

PACS numbers: 43.20.Fn, 43.60.Pt, 43.35.Wa, 43.80M3N ]

INTRODUCTION can be understood as analog methods of computing the

This paper presents a new inverse scattering method thg{geqfunctiops of an operator associated with the phase con-
employs the focusing properties of certain acoustic fields Ob]_uga_ltlon or tlme-re_versal Process. Simple focu_smg by phase
tained by retransmitting eigenfunctions of the scattering opSoniugation, in which received echoes are conjugated or time
erator. reversed and retransmitted, is equivalent to a single iteration

Eigensystem decomposition of the scattering operator‘?f the power method. Further iterations of this procedure
regardless of the inversion method employed, has potentigorrespond to additional steps in the power method, and thus
advantages in methods of collecting and analyzing scatteringonverge to the most significant eigenfunction of the associ-
data. Previous work in electrical impedance tomography hagted operator at a rate specified by the ratio of the two largest
employed eigenfunction decomposition of an operator assctigenvalues. The eigenfunctions of the “time-reversal op-
ciated with the measurement process to determine optim&lrator,” whether obtained by iterative time reversal or by
input current patterns and quantify the achievable resolutioRumerical diagonalization, have been previously shown to
of imaging system$? These optimal inputs can also be de- correspond to source distributions that can focus incident
termined by iteratively retransmitting input patterns that areenergy on strong, pointlike scatteréfs?
proportional to the measured scattered field. This approach is Eigensystem analysis has historically played a role in
essentially an analog implementation of the “powerthe theory of inverse scattering for radially symmetric
method” for determining the eigenvectors of matriéés. objects*? For these objects, separation of variables naturally

Likewise, the techniques of optical and acoustic phaséeads to a representation of the scattering operator in terms of
conjugatiof~” and the analogous process of time revérial trigonometric functions. Since these eigenfunctions are the
same for any radial scatterer, the inverse scattering problem
acurrent affiliation: Applied Research Laboratory, The Pennsylvania Staté:OUId be reduced to the problem of determining the unknown

University, P.O.B. 30, State College, PA 16802. object from the eigenvalues of the scattering operator.
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However, before the method presented here, the focus-
ing properties of eigenfunctions have not been exploited for
quantitative reconstruction of inhomogeneous media. It is
stated in Ref. 9 that the concept of time reversal “cannot be
directly compared to computed tomography” or to “tech-
nigues that generate the image of the medium through signal
analysis.” Although the basic principles of focusing on point
targets using the eigenfunctions of scattering operators have
been put forth in Ref. 10, these principles have not previ-
ously been shown to apply to general distributed inhomoge-

neities. Furthermore, no general imaging method has hitherto _ o o o
been based on these principles. FIG. 1. Scattering configuration. An incident plane wave traveling in the

. . . directiona is scattered by an inhomogeneity and the scattered field is mea-
The current method presents a solution to the imagingyred in the directiord.

problem by bringing together recent results in the theory of

focusing, diffraction tomography, and inverse problems to o ] )
synthesize a unified framework for quantitative imaging ofunder the Born approximation as well as a simple nonlinear
inhomogeneous media. Application of the method shows thadPrmula valid for small multiple-scattering effects. Numeri-
focusing on distributed inhomogeneities can be achieved u&2l implementation of these methods is presented in Sec. II.
ing eigenfunctions and also provides a technique for quantiNumerical results shown in Sec. IIl illustrate focusing on
tative imaging of discrete and distributed inhomogeneitiegliscrete and distributed inhomogeneities using a few eigen-
using focusing properties. functions. Also, quantitative inverse scattering results are

This method has several advantages over current inverS$'0Wn both within the context of a homogeneous back-
scattering methods. First, the eigenfunction formulation pro9reund medium and an inhomogeneous background medium.

vides optimal bases for reconstruction of unknown media, so
that inversions are performed with the minimum possible
complexity. Second, the method is applicable to any scatter- THEORY
ing medium for which the total acoustic pressure associateg\
with an incident plane wave can be estimated. Inverse scat-’
tering in inhomogeneous background media as well as itera- An inverse scattering method for a medium of variable
tive nonlinear inverse scattering can therefore be directipound speed is derived. For simplicity of exposition, the deri-
implemented. Third, part of the computation necessary foration is given for the canonical two-dimensional scattering
the inverse scattering algorithm can be performed by analogonfiguration sketched in Fig. 1. However, with minor modi-
means using ideas from the power method. fications, the method is applicable to arbitrary geometries
The present approach also provides new understandirgnd dimensions.
about existing methods of focusing and imaging. For simple ~ When the incident pressure is a plane wave of unit am-
scattering objects, the new method presented here reducesptitude propagating in the directione, so that
a quantitative specification of focusing similar to that ob-pi(x)=€***, the corresponding total acoustic pressure
tained by iterative phase conjugation or time reversal. Thd(X,a) at the positior is given by the Lippman—Schwinger
eigenfunctions of scattering operators are shown not only tgquation®*’
focus on pointlike scatterers, as has been previously .
shown!®!! but also to concentrate incident energy in the p(X,a)=e'k“'X—J Go(x—y,K)a(y)p(y,@)dy, 1)
vicinity of general, distributed inhomogeneities. The method
also improves on previous approaches to focusing using/hereGo(x—Y) is the Green’s function for the Helmholtz
eigenfunctions in that quantitative images of medium parameguation in a homogeneous medium. In an unbounded two-
eters are obtained simultaneously with optimal incident-dimensional mediunGy(x—y) is given by the Hankel func-
wave distributions. For the case of weakly scattering objectdion (i/4)H§P(k|x—y]).'® The anglea is defined as the
the method reduces to a simple inversion algorithm that i§hgle corresponding to the direction unit vectgrthe wave
mathematically equivalent to the filtered backpropagatiorlumberk is equal to 2rf/c, wherecy is the wave speed of
algorithm®*~put is optimally tailored to the unknown scat- the background medium, arfdis the temporal frequency of
tering medium. The method reduces to a comparably simpl#h€e incident wave. The integral appearing in Ef), as well
and efficient formula for the case of weakly nonlinear in-@s subsequent integrals inandy, are understood to be
verse scattering. taken over the entire plane iR?. The scattering potential
Analysis given in Sec. | shows that eigenfunctions ofd is given for a medium of variable sound speed by
scattering operators are equal to the acoustic fields of effec- c2
tive source distributions that are proportional to the com-  q(x)=—k? 2—0—1). 2
pressibility contrast of the scattering object. An inverse scat- ()
tering method that incorporates products of retransmittedhe quantity within parentheses is equal, for a medium of
fields of eigenfunctions is presented. The general method isonstant density, to the compressibility contrast, as de-
then employed to derive an analytic inversion formula validfined in Ref. 17. The scattering potential is assumed to be

Background
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real-valued and to be short-range, that is, the potemtial B. Focusing properties

decreases at large distances such that The focusing properties & are seen by considering the

lg(x)|<C(1+]x|)"17° 3) ratio of the scattered amplitude to the incident amplitude.
SinceA is normal, the magnitude of its largest eigenvalue is
where|x| is the magnitude of the position vectorfor some  equal to the largest possible value of this ratio for any non-

6>0. zerof:

At a measurement radiusin the far field and a mea- IAT(O)I, 2
surement anglé, the scattered pressurps=p—p;, is of |?\1|=SUI{—L}, (10)
the form MHEIE

= gk where suf-) denotes the least upper bound ard-)ll 2
__ e o denotes the root-mean-square magnitude of a square-
Ps(r,e) = 8w \/WA(Q’QHO \/ﬁ> @ integrable function. Thus the eigenfunction associated with
the largest eigenvalue & specifies an incident-wave distri-
whereA is the far-field pattern of the scattered pressure  pution that maximizes the energy scattered to the far field.
Other eigenfunctions also focus energy on inhomogeneities
A(gya):j e k0xq(x)p(x, a)dx. (5) Witlh an efficiency that is quantified by the associated eigen-
values.
The focusing property of eigenfunctions Afis further
trated by introducing the acoustic fields of incident-wave
distributions specified by the eigenfunctions. One may define
retransmitted fields of an incident-wave distributiffw) as

The incident pressure may be more generally taken as ﬂ
superposition of plane waves propagating in all directions, Hus

IOi(X)=f f(a)e** da, (6)

E(x):f f(a)e*** da,
The far-field pattern of the corresponding scattered acoustic
pressure is then

1D

F0= [ f(epixade,
Af(a)_j Alb@)f(a)da. @ where E(X) is the retransmitted field associated with the
incident-wave distribution in a homogeneous medium and
F(x) is the retransmitted field in a medium containing the
inhomogeneityq(x).

For incident-wave patterns corresponding to eigenfunc-
tions that have nonzero eigenvalues, the retransmitted fields
of Egs.(11) can be written using Eq$5) and(7) in the form

Equation(7) defines an operatoh that maps an incident-
wave distributionf () into the corresponding far-field scat-
tered pressurdf(6). The operatoA is related to the usual
scattering operatd® (Ref. 19 by

i

S=1- EA’ (8) o
Ei(x)=rf Jo(kIx=yDFi(y)a(y)dy,
wherel is the identity operator. ! (12

The operatoA is compact’ and therefore has a count- 1 ,
able number of discrete eigenvalues with zero as the only Fi(X)= rJ (p(x,0),e**M)Fi(y)q(y)dy.
possible cluster point. In practice, only a finite number of '
eigenvalues are distinguishable from zero. Since the poterFhe brackets in Eq(12) denote the inner product
tial q is real-valued, the scattering operator is unitary, so that om
the eigenvalues of lie in the complex plane on the circle (u,v)=f u(f)v*(0)de, (13
centered at—4xi and passing through the origin. It also 0
follows thatA is normal A*"A=AA", whereA* is the Her-  hijle the inner product appearing in the expressionEpr
mitian transpose o), so that an orthonormal bagif;} for  was evaluated using the identity
L?[0,27] exists consisting of eigenfunctions &t L

Since A is a normal operator, the Hermitian transpose _ | Lizcose
A* satisfies the relatiol*f;=\*f;, wheref; is an eigen- Jo(2)= 27rf € do (14
function of A and \} is the complex conjugate of;. The

. . . ; known Parseval’s int .The retransmitted fiel f
eigenfunctions ofA therefore also satisfy the equation own as Parseval’s integré.The retransmitted fields o

Eqg. (11) are thus seen to be equivalent to a weighted convo-

AAT = |\ |2, (99 lution of the unknown scattering potential with inner prod-
ucts of acoustic fields.

Thus the function$; also constitute a basis of eigenfunctions When the scattering potentig(x) is concentrated in a

for A*A and the corresponding eigenvalues are the squarefthite number of pointlike scatterers, each very small com-

magnitudes of the eigenvalues Af The operatorA*A is  pared to a wavelength, E¢L2) reduces to an expression of

essentially a far-field analog of the “time-reversal operator” diffraction-limited focusing on each point scatterer. That is,

as defined in Ref. 10. for a scattering medium defined by

717  J. Acoust. Soc. Am., Vol. 102, No. 2, Pt. 1, August 1997 T. D. Mast et al.: Eigenfunctions of the scattering operator 717



M
q(x):; i S(X—X;), (15 Aql(ﬁ.a)—qu(ﬁ.aFf P1(X @)

X (01(X) = 02(X))Pa(X, 6+ m)dX,
(19
2 .
Ei(x)= }\_z Fi(x) Jo(KIx— x| » (16) WhereAql, P1, A'qz, andp, are the sca.ttenng operators and.
! the total acoustic pressures for the inhomogeneous media

defined byqq(x) and g,(x), respectively. Equatior{19)
c gjelds the derivative

the retransmitted field;(x) is

so that in this case, the retransmitted fiEldx) is equal to a
weighted sum of Bessel functions, each centered at the lo

tion of one of the point scatterers. These Bessel function? Ag+cq(b,a)—Ag(0,0) ~ 0+ md
correspond to a group of diffraction-limited main lobes, cen-é'in0 € = | px.@)a(x)p(x, 6+ m)dx,
tered at each scatterer positign with corresponding Bessel (20)

sidelobes that combine coherently. Thus each retransmitted
field E; focuses to some extent on all of the individual point"V
scatterers. =12 a2
. . . _ _ llg+eqliyy—ligllyy -
The close relationship between the retransmitted fields lim—— =2 q(x) g(X)W(x)dx. (21
of eigenfunctions and the unknown scattering potential, as -0 €

seen in Eq(12), is an expression of the focusing property of e reqult follows that if the potentiay (x) solves the
eigenfunctions. That is, since eigenfunctiong\aforrespond regularized inverse scattering probléminimization of the

to incident-wave patterns that concentrate energy within th?veighted norm from Eq(18) under the constraint of Eq.
support of the scattering potential, they can be said to focu(sﬂ)] gy must be of the form

on general distributed inhomogeneities as well as pointlike™ M

scatterers. This idea is illustrated numerically later in this 1 —

oaper. W)= 2 2 QmFIIFLX), (22

| m

hile the infinite-dimensional gradient M]IIS\, is found from

where F;(x), the complex conjugate of the retransmitted
i field corresponding to an incoming condition at infinity, is
C. Inverse scattering method defined as
Because of the focusing properties outlined above, re-
transmitted fields of eigenfunctions are a useful starting point  F*(x)= f f*(a)p(X,a+ m)da, (23
for inverse scattering reconstructions. A general inverse scat-
tering method incorporating these ideas is outlined below. and the coefficient,,, are the Lagrange multipliers. If the
The starting point for this method is an expression of theabove gradients are taken with respect to the real and imagi-
inverse scattering problem in terms of the operatoof  nary parts of a complex potential, E2) as stated is also
Eq. (7) and the corresponding retransmitted fields defined irfound to be valid when the potentig|, is complex. In some
Eq. (12): of the simplifying approximations made below, E§2) will
yield a complex potentiat,, even when the data are as-
sumed to come from a unitary scattering operator associated
with the real potentiad.
By substituting Eq(22) into Eq.(17), the inverse prob-
lem is reduced to the problem of finding the coefficients
from the nonlinear system

- Fi()E; OOF (00 F (%)
5IJ)\I_2| Em: J W(X) dx Q|m1
hj=12,..., (24)

with W(x) an appropriate weight. For the analysis given be-where the dependence of the fiesand F* on the scatter-
low, this weight is defined a#/(x) = (1+|x|)?,6>0. For the ing potentialq is implicit.
explicit computations given later, other choicesviéfx) are In general, the scattering potentig{x), and therefore
more natural. the total pressure field(x,«), are unknown in inverse scat-
A solution to the minimization problem is obtained us- tering problems. The functiop(x, «) that implicitly appears
ing the method of Lagrange multipliers, analogous to then Eg. (24) may therefore be replaced by the best available
approach used in Ref. 21 for a linearized electric impedancestimate for the total pressure. Equati@%) can then be
tomography problem. At a minimum, theinfinite- solved for the coefficient®),, by standard numerical tech-
dimensional gradient ofllqll\%\, is a linear combination of the niques for solution of linear systems.
gradients of the constraints in E¢L7). The latter can be The number of term&l can be chosen arbitrarily; how-
calculated using the two-potential formtfia ever, increasindgN beyond the number of nonzero eigenval-

<Afi!fj>:5ij)\i:j Fi(x)Ej (x)q(x)dX,
ij=12,... . (17)

The problem can be regularized by seeking the solution thapim
minimizes the weightedl® norm

gl = f la(x)|2W(x)dx (18)
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ues ofA is of limited benefit in reconstructions. For simple energy discrepancy is small and so is the imaginary part of
scattering objectsy can be represented by expansions emthe potential.

ploying small values oN. For instance, for an inhomogene- The analytic solution of Eq$25) and(31) is equivalent
ity consisting of finitely many point scatteref$,comparable  to the well-known filtered backpropagation formt#a®and
to the number of scatterers is sufficient. has the advantage of computational simplicity, as discussed

The above method simplifies further in the case of aater in this paper. Equivalence between the two formulas is
weakly scattering medium, for which the total presspigan  shown by formulating an expansion ef “**, viewed as a
be approximated by the incident pressure. In this case, takinfyinction of ¢, in terms of the orthonormal basi§.,(«)}. In
the weightW(x)=1, the coefficient®Q,,, can be evaluated view of Eqgs.(11), this expansion yields the identity
analytically. From Eq(22), under the Born approximation,
the scattering potential takes the form e kex=" E* (x)f(a). (32
m

ag(¥) =2, > QumEI(X)Ex(x). (25)  Substituting Eq(31) in Eq. (25) and using Eq(32) as well
Fom as its conjugate gives
Substituting Eq(25) into Eq. (5) gives the equation K2 _
qg(X)= Ffﬁsin(a— 0)|A(0,a)e**(=Yda dg, (33
ar

A(6,0)=2 2 Qi J e B (O ER(X)p(x, @) dx. o , _
m which is the standard filtered backpropagation formula.
(26) Equation(33) yields the low-pass-filtered version of the true

Replacement op(x,a) in Eq. (26) by the incident plane potentialq if multiple scattering effects are negligible. The
wave eX*X use of Eq.(11), and integration inx over R? correct nonlinear generalization of the linearized low-pass

yields filtered solutiongg is the minimalL? (or weightedL?) so-
)2 o lution qy , which is of a form specified by Eq22).

A6, a) = ( ? 2 E lef f S(0-a—0 +a') The inverse scattering method developed above can also
k m L be used with any orthonormal set of basis functions for

O (0 do da’ 5 L?[0,27]. For instance, reconstructions can be performed
xfi(6")f(a')do da (27) using eigenfunctions oA\ for axisymmetric objects rather
for 6— & not equal to 0 orr. The double integral in Eq27)  than using the eigenfunctions associated with the measured

can be evaluated using the change of variables A. In this case, the eigenfunctions take the form
,: g 4 ,: i I —gj ! 1 R
X;=c0s @' —cosa’, X,=sinf —sina’, (28 f(6)= @M m—0+1+2.. . 34)
which is one-to-one when restricted to the regiaris< 6’ vem
anda’>6'. Evaluation of the integral yields The retransmitted fieldg, can be analytically evaluated to
2 be
. _(2m) S . _
|sin(0— a)| A6, @)= R Qim(fi (&) () En(r,$)=2mimem, (kr), (39
. and the coefficient®,, for the low-pass-filtered reconstruc-
Hhlat+min(6+m). (29 tion of q are given by

Equation(29) can be solved for the coefficien,,, using k2 _ o

the fact that the eigenfunctiorig 8) are orthonormal as well Q|m=mff|3m( 6—a)|A(0,a)e”" €M da db.

as the reciprocity identify (36)
A(0+ 7, a+ 7)=A(a,0). (30  While the retransmitted fields specified by Eg5) are not

ideally matched to nonaxisymmetric scattering media, they
can be analytically evaluated and stored for use in fast re-
k2 constructions. Since these retransmitted fields are also unaf-
Q|m=—2ff|3in( 60— a)|A(0,a)f} (0)fn(a)da dé. fected by uncertainties in scattering measurements, they are
8m suitable for reconstructions from data corrupted by noise.
(31) Finally, use of the eigenfunction method beyond linear
Equations(25) and (31) specify a solutiongg to the inversion is demonstrated by considering the case where the
linearized inverse problem. This solution is, in general, cominhomogeneous-medium retransmitted fieklsan be esti-
plex, even when the true potentiglis purely real. A physi- mated from a first approximation to the scattering potential
cal way to understand why the Born approximation yields ag. One approach in this case is to solve the full system of
complex scattering potential for a lossless medium is to recequations defined by E¢§24); however, a more numerically
ognize that this approximation neglects multiple scatteringefficient correction to the Born approximation can be ob-
and thus, the resulting output energy differs from the inputained by invoking the localized nonlinear approximation in-
energy. The corresponding scattering operator is then ntroduced in Ref. 22 for electromagnetic scattering. This ap-
longer unitary, and is only physically realizable by a poten-proximation follows from writing the Lippman—Schwinger
tial with a nonzero imaginary part. For weak scattering, theequation[Eq. (1)] in the form

The solution is
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, radiation condition. The inner solution is obtained using a
p(X,a)=F(X)(e'k“'x—f (p(y,a) = p(x,@)) finite-element method, while the outer integral equations are
solved using Nystim’s method?®

Scattering data were calculated numerically for a num-
ber of incident plane waves evenly distributed oveangles
between 0 and 2. For each incident-wave angle, the scat-
tered field was computed 8 far-field receiver angles be-
tween 0 and %, so that the angular sampling rate was
M/(2) samples per radian. The number of receiver angles
M should be chosen such that the scattered field has no sig-
nificant frequency components above the Nyquist frequency
of M/(4m) samples per radian. This computation yields a
screte representation of the scattering operdtoas an
XM matrix, Ay .

The eigenfunctions oA and their associated eigenval-

Xq(y)Go(x—y)dy), (37)

where the quantity’(x), called the depolarization tensor in
electromagnetic scatterirffd,is defined by
-1

I'(x)= (39

1+f q(y)Go(x—y)dy

The second term in Eq37) is presumed to be small because
the singularity of the Green’s function is cancelled by the*
difference term appearing in the integrand. Thus the totafll
pressure may be approximated by the formula M

p(x, ) =T (x)e**™, (39  ues were estimated numerically by direct computation of the
The form for the scattering potential given by Eg2)  €igenvectors and eigenvaluesAyj . Retransmitted fields of
then becomes eigenfunctions were evaluated numerically by numerical in-
) tegration of Eq(11). Images of inhomogeneous objects were
Qo (X)~ ') E E QumE(X)E™(X) (40) then obtained using a straightforward numerical implemen-
M W(x) 4 & ~m! m tation of Eqs.(25) and(31). The integrals appearing in these

equations were evaluated using corresponding discrete sum-

Substituting this form into Eq(5) and using Eq(39) mations of the components &f,, and its eigenvectors. For

gives . . ' . )
comparison, standard diffraction tomography inversions
_ _ were also performed by numerical integration of E3B).
~ ko- 1 *
A(H,a)~2| % Q'mf e W00 B () Eqy(x) Stability of the eigenfunction imaging method was
- tested by inversion of noisy data obtained by adding numeri-
XT'(x)*e™** dx. (41)  cally generated Gaussian white noise to the scattering matrix

An approximate nonlinear formula for the scattering poten/m - The rms amplitude of the noise was specified as a frac-
tial q can be obtained by taking/(x)=T'(x)3. Equation(41) t|on of th_e rms value oA\, . Thus, for m;tance_, a S|gnal—to-
then yields the coefficien®,, from Eq.(31) and the result- "0iS€ ratio of 6 dB was obtained by adding noise with an rms

ing solution for the scattering potential is amplitude one-half the rms value 8§, . . .
Inversions were also performed using the basis of eigen-

Ei(X) Ef(x) functions corresponding to axisymmetric inhomogeneities.

qM(X)%Z Em: Qim r(x) (42 I this case, the formula of Eq25) was implemented nu-
. L ) merically using the trigonometric basis functions defined in
The solution of Eq.(42) is simplified by making the Eq. (34), the retransmitted fields given in closed form in Eg.

further approximation (35), and the coefficients defined in E@6).
1 Nonlinear eigenfunction images were obtained using the
m%Z—F(x), (43)  analytic formula of Eq(44) with the total pressur@(x, )

approximated by the total pressure for a medium including a
which is valid for small scattering potentials. This substitu-cylinder of specified radius and compressibility contrast.
tion results in This computation employed an exact solution for the scatter-

ing of a plane wave by a cylindéf.

am0~2 2 Qim(2Ei(X) = F1())Ex(X). (44
bom Ill. NUMERICAL RESULTS

Focusing of eigenfunctions on a distributed scattering
object is illustrated in Fig. 2. Here, the magnitudes of the
retransmitted field&,(x) andE,(x) are shown for an inho-
mogeneity consisting of a weakly scattering triangle
Il COMPUTATIONAL METHODS (?/K=0.0'l) approx'imatel'y two wavelengths in height. The

triangle is shown in outline together with the retransmitted

The focusing and imaging methods outlined in Sec. Ifields. The corresponding scattering operator, calculated us-
were implemented using numerically computed scattereéhg the finite-element/Nystro method described above, was
fields of inhomogeneous objects. Scattering operators wenepresented by a matrix of size 22828. The retransmitted
calculated using a method due to Kirsch and M&hkn  fields show that the significant eigenfunctionsAfspecify
which an inner solution of the Helmholtz equation for a me-incident-wave patterns that concentrate energy within the
dium of variable sound speed is matched to an outer solutioaupport of the inhomogeneity. Notable is that this focused
of integral equations that implicitly satisfy the Sommerfeld energy is distributed throughout the support of the triangle.

This nonlinear equation for the potentil, can be approxi-
mately solved by using a form of the retransmitted field
F,(x) corresponding to the low-pass-filtered potentjglor

to another estimate of the scattering potential.
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Implementation of the eigenfunction method in focusingtained using five linearly spaced wave numbers;k8<12,
on pointlike scatterers is illustrated in Figs. 3 and 4. Theseso that the dimensionless parameier varied between 20
figures, obtained using the linearized eigenfunction methodand 30. The five-frequency image, shown in the second panel
show not only diffraction-limited focusing but also quantita- of Fig. 6, also shows increased point and contrast resolution
tive reconstructions of the associated scattering potentialsompared to the single-frequency image. Both images shown
Figure 3 shows images made from the scattered field of twin Fig. 6 were obtained using the linearized eigenfunction
pointlike scatterers at locations-(0.5,0) and (0;-0.2), each method described above, with 64 eigenfunctionsAofor
of radius 0.01 and compressibility variatien0.9. The nu- k=8, 9, and 10, 68 eigenfunctions fkre=11, and 72 eigen-
merically computed scattered field was sampled at 128unctions fork=12.
equally spaced angles for each of 128 incident-wave angles, Reconstructions of the test phantom obtained from noisy
so that the operatdk was represented by a 12828 matrix. ~ data are shown in Fig. 7. Gaussian white noise was added to
The wave number used was 10, so that the scatterers wellge scattering data employed in Fig. 6, so that the signal-to-
separated by approximately one wavelength. Since, in thigoise ratio was 6 dB at each of the frequencies employed.
case, two eigenvalues & were much larger than the re- The reconstructions employed the formula of E25) and
maining eigenvalues, the basic reconstruction required onlgoefficients obtained from Eq$34)—(36). The numbers of
the use of two retransmitted fields. This result illustrates thatbasis functions employed were equal to the number of eigen-
for an inhomogeneity consisting of finitely many pointlike functions employed in Fig. 6. These results indicate the sta-
scatterers, the present inverse scattering method provides Ality of the method for large objects with scattering data
accurate reconstruction with diffraction-limited point resolu- severely degraded by noise.
tion using a corresponding number of eigenfunctions. Nonlinear reconstructions of the same test phantom, ob-

A stability test of the eigenfunction method is illustrated tained using Eq(44), are presented in Fig. 8 together with
in Fig. 4. This image shows a reconstruction of the twolinear reconstructions. In the nonlinear reconstructions, the
pointlike scatterers of Fig. 3 using the same scattering datéetransmitted fieldsF(x) were estimated using pressure
with added Gaussian white noise for a signal-to-noise ratidields associated with a cylinder of diameter 5 mm and com-
of 3 dB. The method of reconstruction was identical to thatPressibility contrast 0.01" The scattering data employed
used for Fig. 3. The reconstruction shown is almost indistinWas identical to that used in Fig.(l§, with five linearly
guishable from the noiseless reconstruction, indicating théPaced wave numbers such that2(a<30. The number of
stability of the eigenfunction imaging method. eigenfunctions employed in each image were also the same

Linear eigenfunction images of the triangular inhomoge-as those used for the images in Fig. 6. The first panel shows
neity of Fig. 2 are presented in Fig. 5. These images weréhe real part of the nonlinear reconstruction, taken along the
constructed using the same scattering data as that used i€ ¥ =0, together with the real part of the analogous linear
Fig. 2. The first image, obtained using five retransmittedf€construction from Fig. ®). The nonlllnear reconstruction
fields, shows that strong focusing is achieved using only éhows |mpr0\{ed resolution over the Ilpear reqonstruc_tlon by
few eigenfunctions oA. The entire inhomogeneity is well- increased height of the peak associated with the internal
insonified and little incident energy is transmitted outside theVire. The second panel shows the imaginary part of the non-
support of the inhomogeneity. The second image, obtainelil”ear_ reconstrugnon with the cor_respondlng linear recon-
using 15 eigenfunctions, shows that the eigenfunctiorptruction from Fig. ). Here, the inaccuracy of the Born
method rapidly converges to the ideal low-pass-filtered solu@PProximation results in a significant imaginary part for the
tion for the scattering potential. Notable is that the eigen.inear reconstruction, while the true potential is purely real.
function method using 15 eigenfunctions required 69.1 s of he nonlinear inversion shows improved quantitative accu-
CPU time on a Sun SPARCstation 10, while an analogou%acy over the_ linear inversion by reduction of the recon-
image obtained using the diffraction tomography formula ofStructed imaginary part.
Eq. (33), with the integrals evaluated in an analogous man-
ner, required 3014.3 s. IV. DISCUSSION

Eigenfunction reconstructions of a test phantom, shown  Our method has shown that eigenfunctions of the scat-
in Figs. 6-8, illustrate application of the eigenfunction im- tering operator can be employed to focus on distributed in-
aging method to a larger-scale imaging problem. The phanhomogeneities as well as pointlike scatterers. However, the
tom, also represented in Fig. 1, is a cylinder of compressibilfocusing on distributed inhomogeneities occurs in a different
ity contrast 0.01 and diameter of 5 mm. Internal objectsmanner from focusing on pointlike scatterers. That is, the
include a water-filled(cystic) region of diameter 1 mm, a incident energy is not maximized at a single point within the
wire of diameter 0.1 mm and compressibility contrastmedium. Instead, when combined according to the present
—0.5, and an internal cylinder of diameter 1 mm and com-econstruction method, retransmitted eigenfunctions specify
pressibility contrast-0.01. Scattered fields were calculated incident-wave distributions that distribute energy throughout
using the methods described above, with the operatdis-  the inhomogeneous region. This type of focusing, which re-
cretized as a matrix of 256256 points. The first image sults from the eigenfunction property of maximizing the
shown in Fig. 6, obtained using the single wave numbeiscattered energy, is clearly connected to imaging of the me-
k=10 has high resolution but contains ringit@ibbs phe- dium by inverse scattering.
nomenon artifacts and loss of contrast in the cystic region. The quantitative inverse scattering method presented in
These artifacts are removed by compounding of images olthis paper can considerably simplify imaging computations.
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a- b.

FIG. 2. Focusing on a distributed inhomogeneity. Magnitudes of the retransmitted fields of the two most significant eigenfunctions are shown on a linear gray
scale with black indicating zero and white indicating maximum amplitude. The scattering object is a uniform triangle, compressibility contrast 0.01, within the
sketched boundariega) E4(x), (b) Ex(X).

The computational complexity of the current method de-most apparent for inhomogeneities a small number of wave-
pends mainly on the number of significant eigenfunctionslengths in size.

which in turn depends only on the complexity of the scatter-  The present inverse scattering method also has the ad-
ing medium. Furthermore, the basis for expansion of the unvantage of applicability to any medium for which the back-
known medium is determined directly from the scatteringground pressure field can be estimated. Use of background
data. Since the basis functions are closely related to the umpressure estimates can greatly improve accuracy over recon-
known medium, reconstructions performed using this basistructions based on simpler approximations. For instance,
employ a minimal amount of unnecessary information. ThisBorn inversion can yield a spurious reconstructed imaginary
property gives the present inverse scattering method advapart even when the true potential is real-valued; use of an
tages over other methods in which a fixed basis is used testimated background pressure field can greatly reduce this
expand the unknown mediufi-?’ These advantages are error, as seen in Fig. 8. The inverse scattering method pre-

FIG. 3. Eigenfunction image of two pointlike scatterers, compressibility

contrast—0.9, separated by approximately one wavelength. The image wa§1G. 4. Effect of noise on eigenfunction reconstruction. The object of Fig. 3
obtained using retransmitted fields of the two most significant eigenfuncwas reconstructed from two eigenfunctions of synthetically noised scattering
tions. data with a signal-to-noise ratio of 3 dB.
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FIG. 5. Eigenfunction images of a triangle about three wavelengths in height having compressibility contrdal B€dl. part of an inversion obtained using
retransmitted fields of five eigenfunctior(®) Analogous image obtained using 15 eigenfunctions.

sented here is also extensible to any background medium for The most significant eigenfunctions &f can be deter-
which a pressure field can be estimated, including movingnined experimentally through iterative retransmission of re-
fluids, layered or stratified media, and enclosed or otherwisgeived scattered fields in a manner similar to that performed
bounded regions. in Refs. 1 and 10. This implementation of the power method
The imaging, focusing, and inverse scattering methodgjows computation of the most significant eigenfunctions of

presented here also intrinsically take advantage of any poten by analog means, which may be preferable to numerical

tial increase in resolution that is associated with multlplefomputation for very large scattering objects. These eigen-

scattering or other higher-order effects, as long as these ef- . . L
. : ; ; nctions are useful as optimal incident-wave patterns for
fects are taken into account in the estimated pressure fleldl.J . .
verse scattering experiments.

This increase in resolution is possible because the retransmif? ) ) )
ted fields of eigenfunctions may have desirable qualiies, ~1he inverse scattering method presented here includes
such as higher spatial-frequency components, that are asdbe assumption that the scattering potential is purely real,
ciated with the presence of an inhomogeneous backgrounéat is, the inhomogeneous medium is assumed to have zero
Such improvements in resolution have been shown experiabsorption. Eigensystem analysis of the scattering operator
mentally for time-reversal focusing in a multiply scattering A is more complicated in the presence of absorpfiil.
medium?® However, the methods introduced here are expected to still

FIG. 6. Eigenfunction images of a test object having background compressibility contrast 0.01, gvegtsiefilled region, a pointlike scatterer, and an
internal cylinder. The images are shown on a logarithmic scale with a 40 dB dynamic (anBeal part of inversion obtained for a wave number such that
ka=25. (b) Analogous image obtained using five wavenumbers such thakae:30.
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FIG. 7. Images of test object obtained using noised data with 6 dB signal-to-noise ratio. The images are shown on a logarithmic scale with a 40 dB dynamic
range.(a) Real part of inversion obtained for a wave number such ktlaat 25. (b) Analogous image obtained using five wave numbers such thaka0
<30.

be useful for media such as biological tissue when absorption The general, nonlinear version of the eigenfunction
is finite but small. imaging approach, as defined in E¢&4) and(44) and illus-

A disadvantage of the inverse scattering method as cuttrated in Fig. 8, has obvious application to iterative recon-
rently implemented is that nonlinear inversion requires arstruction of unknown inhomogeneities. In such reconstruc-
accurate specification of the background acoustic field. Thisons, the total pressure field can be estimated at each
disadvantage is not unique to the eigenfunction method, buteration from a numerical solution of the direct scattering
is a common feature of most current inversion methods. Reproblem for the currently estimated inhomogeneity, and an
cent theoretically exact methods, while not limited in this eigenfunction inversion can be performed using this pressure
manner!3?have not yet been implemented numerically. ~ field. This procedure can then be repeated to obtain im-

proved estimates of the scattering potential until convergence
is achieved.

Re (nonlinear) —

0.021 Re (linear) - V. CONCLUSION

A method for focusing and imaging using scattered
fields has been presented. The method outlined here makes
use of the physical properties of scattering operators by using
their eigenfunctions as incident-wave patterns. The eigen-
functions have been shown to provide optimal focusing on
pointlike and distributed scattering objects.

The inverse scattering scheme presented exploits the fo-
cusing properties of eigenfunctions as well as recent analytic
results to obtain a robust and efficient means of quantita-

-0.021

-0.041

-0.061

-0.08 [

3 2 i 0 ! 2 3 tively reconstructing unknown scattering media. This new
0.04 Im (nonlinear) — method has a complexity dependent only on the size and
0.02 Im (linear) ---- complexity of the scattering medium. Particular cases of the

0 , method provide improved implementations of eigenfunction

focusing and filtered backpropagation. The method can be
-e.021 implemented for any background medium for which the total
0.04 acoustic pressure field can be estimated.
3 2 -1 0 1 2 8 Another particular case of the presented method results

FIG. 8. Cross sections of real and imaginary parts of test object reconstrué!_q a nonlinear inverse scattering formula that ylelds a solu-

tions using data from five wave numbers. Linear reconstructions were obtion for the scattering potential in terms of retransmitted
tained using retransmitted fields in a homogeneous medium, while nonlinedields of eigenfunctions in the scattering medium and in the

reconstructions were obtained using retransmitted fields in a homogeneotB;aCkground medium. This formula has been demonstrated to

medium and in a background cylinder of compressibility contrast q#)1. . . . . .
Cross sections of real partd) Cross sections of imaginary parts. yleld_ improvement in accuracy and resolution over Born in-
version.
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Acoustic axisymmetric radiation and scattering from bodies
of revolution using the internal source density
and Fourier methods
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A brief review is presented of a previously developed mean-square error method to solve the
Neumann boundary-value problem corresponding to acoustic axisymmetric harmonic radiation and
rigid body scattering from bodies of revolution of arbitrary shape. The method is based on the use
of an internal line monopole source distribution along the axis. In contrast to earlier work, the
pressures are simply expressed as line integrals of the source distributions which in the far field
reduce to Fourier transform relationships. Exact expressions for the source strength distributions for
a sphere are developed using the Fourier transform relationships. The source strength distributions
involve spatial derivatives of Dirac delta functions and thus have a vanishingly small region of
support about the center of the sphere. For cylindrically shaped bodies with large aspect ratios the
spatial characteristics of the source strength distributions are shown to be more closely matched to
the normal velocity distribution. The use of a discrete series of Dirac delta functions to represent the
continuous line source distributions is presented for spherical radiation and scattering problems.
© 1997 Acoustical Society of Amerid&0001-496@07)00407-4

PACS numbers: 43.20.Fn, 43.20.Rz, 43.20[JBG|

INTRODUCTION bodies with a plane of symmetry has also been recently
developed!
Acoustic harmonic radiation and rigid body scattering In contrast to the earlier pap&r&®in which the MS and

radiation and scattering from rigid bodies may be formulatednternal source density method was utilized to obtain numeri-
as classical boundary-value problems in physics. Bowmagal results for specific spherical and prolate spheroidal geom-
et al! have compiled a comprehensive summary of numerietries, closed-form solutions for the monopole line source
cal results for electromagnetic and acoustic scattering bistributions for selected geometries are developed in the
bodies of various shapes for which the wave equation ipresent paper. More specifically, examples are presented to
separable. Extensive numerical results for three-dimensiondllustrate the general spatial characteristics of the source
harmonic problems are presented for point-source and planatrength distributions for bodies of revolution with widely
wave excitations. In particular, numerical results are prevarying aspect ratios. These examples provide insight into
sented for spherical, prolate spheroidal, and oblate spheroidtie nature of the frequency and spatial dependence of the
bodies. source strength distributions for spheres and long thin cylin-
There are numerous classical analytical methdts ders.
which have been developed to address acoustic harmonic Finally, a discrete series approximation using spatial
radiation and rigid body scattering problems. These methodBirac delta functions for the monopole line-source distribu-
include low-frequency expansions and high-frequencytion is introduced and several classical examples involving
asymptotic techniques, e.g., classical ray theory and the geacoustic radiation from a sphere are then solved in closed
metrical theory of diffraction. However, integral equation form. These examples provide additional insight into the ac-
methods™ are the present choice for addressing the generaiuracy of the internal source density method using such ap-
three-dimensional acoustic harmonic radiation and scatteringroximations to evaluate the source density distributions and
problem at low and mid frequencies for arbitrary geometriesthe associated pressure fields. Limited numerical results for
In the present paper an alternative to the integral equaacoustic plane-wave scattering by a rigid sphere are pre-
tion approach is presented to address acoustic thresented to illustrate the accuracy of the basic approach to
dimensional harmonic radiation and rigid body scatteringevaluate the surface pressure and the general spatial charac-
problems from bodies of revolution. The approach is basederistics of the source strength distributions. Numerical re-
on a previously developed mean-squaf®S) error sults for more general spheroidal bodies have been previ-
method~°which uses an internal line monopole source dis-ously presentef;°
tribution along the axis of symmetry. In contrast to the ear-
lier method, pressures are simply obtained here from Iinq THEORY
integrals of the source distributions which in the far field
reduce to Fourier transform relationships. A similar approach  Consider a smooth body of revolution which is in con-
and development for the acoustic two-dimensional harmonitact with an external ideal fluid as shown in Fig. 1. Since the
radiation and rigid body scattering problem from cylindrical acoustic axisymmetric harmonic radiation and/or rigid body
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A smooth body of revolution in a fluid

P00 = Kpaco | 9XIx Xy, @

where o(x,) denotes the unknown line-source density
(source strength per unit lengthand g(x|x;) is the three-
S, surface dimensional free-space Green'’s function, i.e.,

; ’ e Ik
; s, \ contour parameter g(x| Xp)= 4t (4)

V, volume Xy

X) wherer =|x—x,|. It then follows from the linearized mo-
¥ mentum equation that the associated normal velocity at the
. Body of surface can be expressed as
Ll'ne 'Soufce Revolution
Distribution X, Ag(Xg|X1)
onts)=— [ B2 o), ®)

FIG. 1. A smooth body of revolution in a fluid.
wheres and x; denote positions along the contour and the
) S ~ axis of symmetry, respectively.
scattering problem is of interest, the total pressure field inthe  p previously developed MS or mean-square error crite-
external ﬂU|d iS to be determined fOI’ an inCident harmoniCria is now used to determine the unknown source Strengths Of
pressure field and/or the harmonic normal velocity on th&he internal monopole source distributid® More specifi-
surface of the body which are specified to be axisymmetriga)ly, J is introduced as follows to measure the error between

abOUD_(l- _ . the specified normal surface velocitys) and that due to the
Itis convenient to express the total pressure field for thenonopole source density distribution:

acoustic harmonic radiation/scattering problem of interest as
Pi(X) = pi(X) +p(x), (1) J=f lv(s)—vm(s)|? dS. (6)

yvh_ere the total pressure f'em(x) is decomposed into _the The procedure to minimizé thus requires the solution of the

|nC|dent.harmon|c pressure f|§m(x) and the pressure field following integral equation of the first kind for the unknown

p(x) which accounts for the rigid body scattering and/or theSource distribution

radiation due to the specified normal velocity. For the radia-

tion problem, the normal velocity of the surfaBev,(x,), is d9(x2)

a specified function 0§, a contour parameter. v(s)= _J on ¢
Now p(x) can be posed as the solution of the following

Neumann boundary value problem:

(z)dz, )

whereu (s) is known andz=zx, is used to denote position
along thex; axis.

VZp(x)+k*p(x)=0, xeV, (28 Closed-form solutions forr(z) in Eq. (7) for spherical
1 ap(xy) and cylindrical geometries are presented in the following
v(s)= /s Xs(s)e S section; however, in general, closed-form solutions for the
ikpoCo N unknown line source density(z) cannot be obtained for an
1 api(xs) arbitrarily shaped body. A general result for the internal
= TKpaCo n v(Xs), (2b) monopole source distribution is, however, readily apparent

for bodies of revolution which are doubly symmetric, i.e.,
surfaces whose cross sections are symmetric about both the
=0, (20) X, andx, axes. If the normal axisymmetric velocity on the
surfaceS is symmetric or antisymmetric aboxy, the mono-
wherek is the acoustic wave number,denotes the exterior pole distribution clearly exhibits the same symmetry as a
normal on the surfac&, i.e., into the fluid volumeé/, and  function ofz=x;.
po and cy are the density and acoustic wave speed of the  For the general case of a body of arbitrary shape numeri-
fluid. Equation(2b) is the specified Neumann boundary con- cal approximation methods must thus be employed. Such
dition and Eq.(2¢) is the Sommerfeld radiation condition methods lead to the following generic representation for
which is required to ensure uniqueness of the solution. The(z):
pressure fielgp(x) is considered here to be the superposition N
of the radiated and scattered fields and interaction with the _
incident field is neglected. o(2) ;1 hiz)ai, ®
In order to d(_etermme the pressure f|¢1.dx) in the ex- where theh;(z) may be a suitable set of local basis or inter-
ternal fluid consider now a line distribution of unknown

. olation functions which are defined within a subinterval
monopole sources along the axis of symmetry of the body a e . .
- . d aboutz,. As a specific example of a local basis function,
shown in Fig. 1. The associated pressure field can be e

pressed as the following line integral along the axis of sym)-hi(z) could be represented as

metry of the body: hi(2)=46(z—z), 9)

dJ
P ikp

limr
or

r—oo
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where §(z) is a Dirac delta function. The local basis func- A cylinder with hemi-spherical endcaps

tions in Eq.(9) result in a useful discrete approximation to

the continuous distributionr(z) as noted later. y A
It now follows from Egs.(7) and (8) thatv(s) can be | 2L

represented as ~

N

2 -

v(s)= 2, K(slz)ai, (109 y <:7§
where theK(s|z;) are simply expressed as /

R

. A
y\
e

v

INY

99(x42) a
K(S| zj)=— T hi(z) dz. (10b) Circular cylinder Hemi-spherical endcap
For anM >N point collocation on the surfacg it then fol- FIG. 2. A cylinder with hemispherical end caps.
lows from Eq.(10) that
N N
v(sm =2, K(smlz)oi, m=1,..M (12) a(ky)=>, elkzig;. (19
=1 i=1
which can also be expressed in matrix form as For equispaced, it is thus apparent that the directional char-

[Klo=v (12) acteristics of the pressure field can be readily obtained via
' the use of fast Fourier transfor(fRFT) algorithms.
where[K] is anM X N matrix with M>N. SVD method¥

can then be used to expressthe best approximation in the

least-squares sense, as Il. SPECIAL CASES
—rk1t . S .
o=[K], (13 In order to provide some insight into the characteristics
where[K]" denotes the pseudo-inverse[df]. of the internal source density distributions for axisymmetric

Now o(z) can be simply evaluated from E() and the  bodies, the geometry shown in Fig. 2 consisting of a cylinder

associated pressure field can then be simply expressed @k lengthL and radius a with spherical end caps is now
follows from Eq.(3) for all x: considered. The aspect ratio for the indicated cylinder with

hemispherical end capslisa+ 1. Although the general case
of interest may be addressed using the numerical approach
based on singular value decompositi@VD), the limiting
cases ofL/a zero and infinite are addressed here. These
cases correspond to spherical and cylindrical geometries, re-
) spectively. Although edge effects are not present in the latter
G(X|Zi)=JkPocof 9(x|2)hi(2) dz. (14b  case, the analysis provides insight into the use of the MS
. o . . method for axisymmetric bodies with large aspect ratios.
For spatial points in the far field of the body of interest, the The acoustic radiation and scattering from a sphere are

free-space Green's function can be approximated as followg|assical boundary-value problems which are readily solved

glkR using the method of separation of variabtéSince closed-

9(x[2)~ IR gl costz, (15  form solutions for these problems can be readily obtained,
such solutions can be used to obtain insight into the nature of

where R, ¢) denotes the spherical coordinates of the point ofthe source distributions for bodies with aspect ratios close to

interest. The far-field pressure can then be expressed as ynity.

N
pwi;GNMG, (143

where theG(x|z) are simply defined as

elkR In general the axisymmetric normal velocity distribution
pP(R,0)~jkpgCo IR o(k cos ), (16 on a sphere with a radiwscan be expressed as the following
series:
where o(k,) is a one-dimensional Fourier transform of the o
source distribution, i.e., v(a,0)= E V,P.(cos 6) (20)
n=0
a(ky)= j_ma(z)ejkzz dz (17 whereP,() denotes theith-order Legendre polynomiad, s

_ _ _ . the polar angle relative to the axis of symmetry, and\fhe
Finally, for the case where the local basis functions in([@l.  are assumed to be known. The associated axisymmetric pres-

are used to approximaig(z) it is apparent that sure field in the fluid can then be expressed as a function of
N the spherical coordinate®(6)
P(R,a):—lpocoz \Y

n ; P,(cos9), (21
and o (k,) can then be expressed as =0 " h( (ka)
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where h{?)() denotes the spherical Hankel function of the P, (cosé) which is zero foré=m/2 andn odd.
second kind. It is thus apparent that the associated source The most striking features about the exact solution of the

density distributiono(z) can be expressed as

oo

o(2)=2, on(2),

(22

whereao,(2) is a line source density which is associated wit
the nth-order Legendre polynomial.

It is sufficient to consider only a single azimuthal har-
monic of arbitrary order to obtain insight into the nature o

the internal source distribution. After noting the asymptotic

form of h,(kR) it is readily apparent from Eq21) that the
far-field pressure for theath azimuthal mode can be ex-
pressed as

elkR p_(cos6)

~J"poCoVn 47Tth(2)—(ka) (23

pn( R! 0)
The following Fourier transform or integral equation of the

first kind is then obtained fawr,(z) by equating the results in
Egs.(16), (17), and(23)

f on(2)elk 0924 7= P (cos 6), (243
whereo, is defined as
L, AmadV,
op=j" (24b)

(ka)?h(?" (ka)

In order to determiner,(z) using Eq.(24), it is first
noted thatP,(cosé) can be expressed as ath-order poly-
nomial in cosd, i.e.,

n
P, (cos )= 20 b;(cos )’ (25)
=
where theb; are constants wheig =0 for i oddeven and
n ever{odd). It then follows that

o0

I

After noting the following propert} of the Dirac delta func-
tion 8(z)

n
on(2)el 57 dz=¢. > b; cos 6. (26)
=)

F 5P)(z)elk 0302 7= (—jk cos 6)P, (27

where5P)(z) denotes theth derivative, it then follows that

59(2)
(—jk)"

In light of the exact solution of the internal source dis-

on(2)= on20 b, (28)

internal source distributions in E¢R8) are the singular be-
havior and the limited region of support of the source distri-
bution about the origin due to nature of the Dirac delta func-
tion and its derivatives. Clearly as n increases the region of

psupport for any discrete numerical approximationoo{z)

will increase, the peak amplitudes will increase, and the re-
sultant approximation will become more oscillatory. Also, as

skaincreases the maximum numberrofor a specified prob-

lem will also generally increase.

It is thus to be expected that high-frequency problems
will be more formidable to address using the MS method. In
contrast to the use of the normal equations to solve the least
mean-square error problem for smigdl, the present analysis
indicates that it becomes increasingly necessary to utilize the
SVD methods noted earlier for large. These conclusions
are consistent with the observations noted during recent nu-
merical studies conducted with the method.

Consider now the limiting case of the geometry shown
in Fig. 2 whereL/a—> and end effects of the cylinder are
thus omitted. The axisymmetric normal or radial velocity is
denoted in cylindrical coordinates,g, ¢) as

v(a,2,00=V,el#?, r=a, (29)
wherez, which replaces used earlier, is measured from the
origin z=0 and g is a constant. It is apparent from E®)
that o(z) must satisfy the following integral equation of the

first kind:

, » 99(Xs2)
\V/ lﬁzz_j
o€ _ ar

o(z)dz, r=a. (30

oo

As a result of the periodicity of the normal velocity distribu-
tion in z, the internal monopole source distribution may be
represented as

o(2)=0e?, (3D
whereqy is to be determined. It then follows from E480)
and(31) that

al

VOZ_O'O E, y:a, (323)

where, due to the symmetric nature of the integrands
expressed as

. 2. 2
s e*jk\/l’ZJrZZ

tribution in Eq.(28), several observations regarding the useSince®

of the MS method for spherical bodies are readily apparent.

Since 5')(z) is an evefodd generalized function fo
ever(odd), and it was noted that;=0 for | oddeven and
n everodd), then o, ,(2z) is an evefodd function for n
everiodd). It then follows from earlier discussion that the
pressure is zero on the axis forn odd. This is of course an

1 )
|=— 2 —el*% dz. (32b
+2°
—j 1 o efjkvr2+zz
Ho(Vk?— a?r =—f ——el*? gz,
ol an)=— | P
(33

whereHy() denotes the zeroth-order Hankel function of the

expected result since the associated field is proportional teecond kind, themry may be expressed as
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Vo fields from finite cylindrical vibrators with infinite rigid cy-
go= (34) lindrical extensiong®

V2= BPHo(VKk*— p%a)
If o(2) is substituted into Eq(6a) and the resultant integral Il A DISCRETE APPROXIMATION FOR o (2)

evaluated using Eq33), the following expression is then Consider again the special case of a sphere of radius
obtained for the pressure field: a. The use of a discrete approximation for the continuous
T2 source distributions of the sphere are now investigated. For
p(r,z,0)= KpoCoVo eiBz Ho(Wk™= B71) _ (35)  the sake of simplicity the source distributions in E2p) for
Vk?—B* Ho(Vk*— B%a) all cases are represented using E&s.and(9) as
M

The expression in Eq35) clearly satisfies the boundary con-
ditions and the Helmholtz equation and is thus the solutionto ~ n(2)= mZ_M oV d(z—mA), (39
the boundary value problem of interest. Of course for this -
problem the same solution is obtained more directly via thevhereMA<a is required in order that the source distribu-
method of separation of variables. tions be contained within the sphere and the constaﬁfé
The solution fora(z) defined in Egs(31) and(34) is  are now to be determined.
noted to exhibit significantly different characteristics thanthe ~ The case oh=0 is almost trivial and is first addressed.
monopole source density distribution for the sphere. In conln light of Egs.(24b), (25), and(28) it is apparent that
tra}sF to thg sphere, the region of'support is not conflneq Fo the oo(2)=008(2). (40)
origin but is in fact the entire axis of symmetry. In addition,
the spatial dependence of the source density for the “largé then follows from Eq.(14) that the pressure field can be
aspect cylindrical body of revolution” matches the spatial€Xpressed as
variation of the normal velocity on the surface which is in P(X) = jKpoCoaod(X|0). (41)
contrast to that of the sphere. ) ]
It is now noted thajg is a free parameter in the solution After using Eq. (24b) for n=0 and noting thatg(x|0)

for the “large aspect cylinder.” IV, is considered to be a = —ikh§?(kR)/4 it then follows that

function of 8, more general spatially bounded normal veloc- h2(kR)

ity distributions may be represented via an integration over  p(x)=—jpeCoVo 02,—, (42
B ie., h{? (ka)

1 (= . which is the exact solution.
v(a,z,0)0= > J Vo(B)e 1A% dB. (36a Then=1 case can also be simply addressed since it is
TS noted from Eq(25) thatb,;=1 andb;=0 fori+# 1. From Eq.

It is then apparent thato(B) is the Fourier transform of the (28) it is then apparent that

spatially bounded normal velocity distributierfa,z,0), i.e., sV(z)
. o1(2)=0 =ik (43
Vo(B)= f v(a,z,00e/# dz. (36D _ _ _ _
—o which can be approximated using a central difference
. . method as
The associated(z) for the spatially bounded normal veloc-
ity distributions of interest can also be obtained by integra- o (o]
tion over 8 Ul(Z)—jk—A 5(Z—A)—jk—A 8(z+A). (44)
1 (e Vo(B) _ It is now obvious thate{=—c¢{"YV=0,A/jk and o™
om(2)=5— f (= e F2dp. =0 for otherm andn. It then follows from Eq(14) that the
o B™Ho B a) 37 pressure field for this case can be expressed as
It then follows from Eq(37) that the source distribution will, p(x) = Poiﬂl [9(x|—2)—g(x|+2)], (45)

in general, be different than the normal velocity distribution.
It is noted, however, that the spatially bounded normal vewhere z=AX,. In the limit as A—0 it is apparent that
locity and source strength distributions become more similap(x) can be expressed as

as the spectral bandwidth of the velocity decreases.

After performing an integration oves in Eg. (35) the - M 46
. . . X . P(X) = poCoo1 . (46)
following expression for the associated pressure is obtained: 9Z |,
1 (» KonCeV HA(VK2—32r) It then follows from the limiting case of the finite difference
p(r,z,0)= pye f Po ; O(f) ?( > /82 ) elPz dg. approximation for the derivative noted earlier the{ix) can
) JK=B7 Hy(VK* - B%a) 39 simply be expressed as
_ S . . hi? (kR)
This latter expression is equivalent to a previous result used  p(x)=—jpoCoV; NN Pi(cos9), (47
to study the forward and backward projection of acoustic hy” (ka)
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distribution is the total distributioar(z) which was obtained
via the use of Eq(12). It is apparent from Fig. &) that the
surface pressure obtained via the LMS method is in excellent
agreement with the exact analytical modal solution in both
the illuminated and shadow regions of the sphere. The results
for the source density distribution in Fig(l8 are concen-
trated into a spatial region ¢f| <0.2a. The large amplitude
oscillatory behavior is to be expected in light of the preced-
ing discussion. Similar numerical results have also been ob-
tained in earlier studies using the LMS method for the acous-
tic axisymmetric harmonic radiation and rigid body

% scattering from spherical bodies.

|Pinc+Pscat]

0.8r

0.6r

0.4

02

IV. SUMMARY AND CONCLUSIONS

o2

05 1 15 2 25 3 35
(@) theta A previously developed MS error metHodCis used to

10" solve the acoustic harmonic radiation and rigid body scatter-
’ ‘ ' ‘ ' ' ‘ ing problem for bodies of revolution. Both problems are sim-

ply combined into a single Neumann boundary-value prob-
lem which is solved via the use of an internal line monopole
Bl ] distribution along the axis of symmetry. The MS method

leads to an inhomogeneous integral equation of the first kind

5 od ] for the unknown line monopole distribution. Field pressures
% are simply obtained from line integrals of the source distri-
S o . butions which in the far field reduce to Fourier transform
’ relationships.

0.8 1 In contrast to earlier investigations of the MS method in

which extensive numerical studies were performed, the focus
i i of the present study was to determine closed-form analytical
solutions to specific problems. These problems were selected
05 006 004 002 00z o0i oos  oos to represent two broad classes of bodies of interest, i.e., bod-
ies with aspect ratios near 1 and bodies with large aspect
- _ _ ratio. The former class of problems encompass spheres while
FIG. 3. Surface pressure on a rigid sphere vergym, radian$ and the . .
associated monopole source strength represented as a continuous funCtiOFFB]e latter class encompass Iong thin cyllnders.
position. (a) Surface pressuréb) Monopole source strength. Exact expressions for the source strength distributions
corresponding to acoustic two-dimensional harmonic radia-
tion and rigid body scattering from spheres are developed
which is the exact solution for the field. using asymptotic and Fourier transform relationships. The
Several comments regarding the use of the discrete apesulting source strength distributions involve spatial deriva-
proximation in Eq.(39) are now apparent from E45). Itis  tives of Dirac delta functions and thus have a vanishingly
noted that: The source strengths coefficients for risel small region of support about the center of the sphere. The
azimuthal mode are proportional to~ !, the region of sup- spatial characteristics of the distributions indicate that prob-
port for then=1 distribution is A, and successive coeffi- lems involving spheres provide formidable test problems for
cients are of opposite sign for tine=1 case. It can be simply the general MS approach presented here.
shown by repeating the procedure for higherthat: The In order to provide insight into the nature of the line-
source strengths coefficients for thth azimuthal mode are source distributions for cylindrical shaped bodies of revolu-
proportional toA ", the region of support for thath azi- tion with large aspect ratios, the spatial characteristics of the
muthal mode increases with, and successive coefficients source strength distributions were investigated for the case of
for a fixedn are of opposite sign. a long thin cylinder with hemispherical end caps. Ignoring.
In order to illustrate the nature of the source distributionend effects, it is apparent that the spatial characteristics of
for a problem of interest, consider now plane-wave scatteringhe source strength distributions are different than those of
from a rigid sphere. A closed-form solution is readily ob- the normal velocity distribution. The differences decrease as
tained for the scattered pressure in the form of 24) and  the spectral purity of the velocity increases, i.e., as the ve-
the total pressure field can then be evaluated usingZEdin locity becomes more narrow band in wave-number space.
general, as ka increases an increasing number of terms The resulting expression for the pressure field was also noted
required in order for the modal series to converge. to agree with a previously developed expression which was
Numerical results are presented for the surface pressuideveloped using separation of variables and a wave-number
and associated source density distributionkfar=20 in Fig.  transform technique.
3(a) and (b), respectively. In contrast to the preceding ex- Since discrete numerical methods are in general required
amples where a modal decomposition was used, the sourte use the MS method to address the axisymmetric three-
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Space—time far-field representation of Green’s functions for
cross-plane shear waves in general transversely isotropic media

Martin Spies
Fraunhofer-Institut Zerstangsfreie Prdverfahren (IZFP), Universitades Saarlandes, Geb. 37, 66123
Saarbricken, Germany
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For transversely isotropic materials like fiber composites, but also unidirectionally grain-structured
austenitic steels, the elastodynamic dyadic and triadic Green’s functions for the pure Shiar (
wave mode are given in the space—time domain. The first stage of the derivation is performed in a
way similar to the derivation of these functions in the form of their 2D space-time spectral
representationgM. Spies, J. Acoust. Soc. An@6, 1144-1157(1994]. In the present study, the
inverse Fourier integrations are performed using a far-field approximation. The resulting
expressions appear in a coordinate-free form and contain the orientation of the material’s fiber axis
as an additional parameter. Thus the results are particularly useful for extension to the case of
layered material. Numerical evaluation is performed for a unidirectional composite material for
several orientations. Since the application of Bie-wave type bears considerable potential in
nondestructive testing, the results presented in this article may find some application within this
framework. © 1997 Acoustical Society of Amerid&50001-4967)00108-2

PACS numbers: 43.20.Gp, 43.20.Jr, 43.35.Cg, 43.3RIEC]

INTRODUCTION time domain has not been possible due to the complex
The application of structural materials like composites /analytlcal expressions characterizing the quasi-wave terms.

. . X . However, as shown in this study, far-field representa-
composite laminates and columnar-grained steels raises the , . S . .

) ) o . tions of Green’s dyadic and triadic functions can be obtained

demand for appropriate testing and quality inspection. How-

ever, due to the high degree of anisotropy, conventional tesf the space—time domain for the pure shear wave propagat-
' 9 9 by, Ing in TI media. This wave is usually called ti8H wave,

ing methods based on elastic wave propagation fail in 9eMhile the coupled waves are called the quasi-longitudinal

eral when applied to these media. Therefore, considerabl(a :

interest is dedicated to studvi ion in elasticd P) and quasi-transverse§\) wave. In order to empha-
ying wave propagation in elast ize reference to the planes of symmetry, Hefbigsed

cally anisotropic materials, as well as scope to the wave scaf— n y Y, g

. : , . .. ‘cross-planeS” for SH, “in-plane waves” collectively for
tering problem. In this respect, Green’s dyadic and triadic ,
; . the two coupled waves, and “in-plarg¥ for the gSVwave.
functions—the kernel of the fundamental mathematical for- : . . o
) , o Although SH will be used throughout this article for histori-
mulation of Huygens’ principle by Pao and

Varatharajuld—are of considerable importance. Their sig- cal and notational reasons, t.h € des!gnanon cross-pline
o ; ; seems, from the physical point of view, to be more correct.
nificance in the development of wave propagation theory for

isotropic media is well-known; corresponding analytical for-Slnce the application of this wave type bears considerable

! ) . ) Jotential in nondestructive testifty; * the results presented
mulations for anisotropic materials are scarce and mostly re-

strictive and approximative in charactef. To account for Inthis arﬂ;cllg may find some application within this
f{amework. :

the generality required in many problems, a number of recen In Sec. I, fundamental relationships of plane-wave

studies have dealt with numerical Green’s function . : ot . .
theory for transversely isotropic media with arbitrary spatial

5-8
mOdE(l)Sr' the case of transversely isotropEl) symmetr orientation(TIA media),’’ as relevant to this article, are sum-
y y Y. marized. Section Il deals with with the construction of

which is characteristic for unidirectional fiber Compos'teSGreen’s dyadicor displacement tensBrfunction using an

a_md extruded metal-matnx.composnes, but a_\lso for Ideallyapproach similar to the one taken in Ref. 9. On this basis, the
fiber-textured columnar-grained steels, analytical representa-

tions for Green’s dyadic and triadic functions have recently,[icross_plémeS or SH part of the dyad is derived in space—

. . - . . . me domain in Sec. lll, making use of a far-field approxi-
been giver'. Since the material’s spatial orientation has been - . ; ) . X
: o o mation. Finally, the analytical results, given in coordinate-
included as an additional parameter, which is most conve;

: o . free representation, are evaluated and discussed in Sec. IV
nient in view of layered structures, the functions have bee

: . . . fora Tl composite material. The derivation of Green’s triadic
obtained in the form of their 2D space—time spectral repre- . LT o .
or stress tensdr function, which is in principle straightfor-

sentations to be evaluated using fast Fourier transformatio Yard. is given in the Appendices
The functions are given by the sum of three terms, each one ™ ™’ 9 pp '

generating t.he different patt(_arns of wave propagation reIateﬂ PLANE-WAVE PROPAGATION IN TIA MEDIA

to the quasi-pressure, quasi-shear, and pure shear wave ih-

herent to transversely isotropic materials. The analytical de- The equation of motion for the displacement veatan
termination of these tensor Green’s functions in the spacea homogeneous anisotropic solid relads
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where

» N

A=y (N +2p )+ (@ K2 (N +2p, ) — v(v

+2))+ (@ KL+ ) (s — (N +24,))
+(v+ )2, )

B=puy+ X\, +2u, +(a-K)PN+ 20— (N +2u,)).
8
» X The discrimination into the pure transverse w#8é1. shear
horizonta) and the two quasi-waveg SV quasi-shear ver-
FIG. 1. The fiber directiora is variable in 3D space, specified by the  tical; qP: quasi-pressujebecomes apparent when the re-

angle between its projection onto they plane and thec axis, andx, the  spective polarizations,, are considered, which are given by
angle between itg-y projection and itself.

Usy=-7 sH(@xK), 9
(V-C-V)-u(R,0)+00U(R,0)=—f(R,w), (1)

whereV is the gradient vectorg is the material densityf Ugsvap=-" gsvar(FI*¥IPK +F§5¥Pq). (10
accounts for the volume force density, anddenotes the
circular frequency, if time dependeneee /“! is assumed.
The elastic stiffness tens@ is for the general transversely
isotropic case given by

m()

The abbreviated quantities can be found in Ref. 17. Since the

SH polarization is always perpendicular to theK plane,
i.e., in general not horizontally polarized, whereas the quasi-
wave polarizations lie within this plane, Helbig's designa-
i -plane Swave andin-plane waves, respec-
_ + 1324, 1342 4 (o — t!ons asCross-p : / )
c@=rl+p (D) WP+ (r—2)(Lea tively, are less misleadint].
+aal ]+ (uy— p, )[ (Laa) ¥4+ (aal ) 1324

II. CONSTRUCTION OF GREEN'’S DYADIC FUNCTION
+(laa) %+ (aal ) B2+ [N + 2, + N+ 2

Green’s dyadic functios is defined by the differential

- 2(V+2/'LH)]§-§§@-! (2) equatioﬁ
where unit vectoa indicates the orientation of the material’s
rotational symmetry axis, which will in the following be re- (V-C-V)-G(Rw)+2w’G(R,w)=—14R), (13)

ferred to as the “fiber direction. is the dyadic idemfactor, | here sis Dirac’s three-dimensional delta function. Appli-

which can be decomposed, using dyadic products of the Cagziion of spatial Fourier transforfiFT) with respect toR in
tesian unit vectors, according to

terms of
1 00 o [o [
G = ~JK-R 43
l-eetggtee=|0 1 0f; @ Sso-| || emeerrar a2
001 results in
accordingly, the tetradl is the dyadic product of with
itself. The upper indicial notation indicates transposition of  W(K,®)-G(K,w)=1. (13

elements in the tetrad®;+2u;, N\, +2p, , pu,, py, and
v® are the elastic constants correspondingQg,, Cas,
Cu4, Cgg, andCy3, respectively, in Voigt's abbreviated no-

tation, when the fiber direction is parallel to tRedirection

This facilitates the construction of the dyadic Green’s func-
tion which is obtained according to

i 1 0 © o .
(Fig. 1. G(B,w>=—3f f f WK, w)el® ’ d3K.
The plane harmonic wave solutions @ with the stiff- - (27)° ) -w) o) =
ness tensor given by EQ), i.e., the solutions to the homo- (14)
geneous f=0) equation of motion, are in the form Here the wave matrix
Ua(R,0)=Ul, exdjK K-R], (4) W(K,0)=K-C-K—0aw?l (15)

whereK is the propagation direction. The wave numbersappears, which is explicitly given By
K, are given by the dispersion relations ‘as

) W(K,w)=al+BKK+ yaa+e(KataK), (16)
K&n= 0w’/ p, + (= p)(@K)2, 5 where
Kasvap= @’ (B= (B?—4A)1)/(2A), (6) a=p, K2+ (= p, ) (@-K)?—0w?, (17)
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B=N,+u,, (18 tion of Green’s dyadic function has been derived in Ref. 9.
Due to the complex structure of the wave numbeggv and

Y=, +2u, + N+ 2 2(v+2m))(@-K)? KZp [Eq. (6)], the backtransformation @(K , ) into spatial
) domain does not succeed, thus a 2D space—time spectral rep-
(= p K (19 resentation to be evaluated via FFT has been obtditfed.
However, since the wave numbkg,, [Eq. (5)] is less com-
e=((vtm)— (N tu))@K). (20) plicated in structure, a space—time representatiofs afan

The integral representatiadi4) of the dyadic Green’s func- be derived for thesH part as is done in the next section.

tion satisfies the radiation condition and thus constitutes the
solution of Eq.(11) that leads to a physically reasonable
result!®20

The inverse oMW(K,w) is obtained according to lll. DERIVATION OF Gy, IN THE SPACE-TIME

DOMAIN

\Ty—l“g’w): adj W(K,») (21) A. SH part of the inverse wave matrix

detVS/(K,w) Performing a partial fracture expansion of E84) with

where the adjoint, determined using dyadic algebra, is givet'ies'peCt toe: and A and sorting for theSH and quasi-wave

by®18 terms, respectively, yields tH&H part according to
—~ 1 ~
adj W(K,0)= = (detW)| - (af+ By— )KK—[ay  _ 1w

: Wei(K,0)= = 1+ — [KK+K?aa— (a-K)(Ka+aK)],
+(By— €K aa-[ae—(By—€?) (25
X(a-K)](Kat+aK). (22)

The determinant ofV is given by where

detW(K,w)=ala(a+ BK*+y+2¢e(a-K)+(By

o= u(a-K)?>—ow. (26)

— ) (K*—(a-K))]=aA, (23

where a characterizes th&H-wave propagation, while the ) ) ) _
quasi-waves are characterized lyas can be easily seen Inserting Eq.(25) into Eq. (14), replacing wave vectoK in

from Egs.(17) to (20). the numerator by-jV, and interchanging the order of dif-
obtained as
~ 1 (By—é€)
-1 — 11— 2 _ .
WK, w)=— [ = — +— [KK+K%a—(a-K)(Ka
1 Gs(R®)=1 11(R,w)~[VV+V?aa—(a-V)(Va
+ak)]— 1 (BKK+yaa+ e(Ka+aK)). +av)] 1x(R,w), (27)

(24

Using this equation, the 3D space—time spectral representahere

1 (= (= (= el R g3k
h(R)= G0 fff i Ko (=) (@ K) =g 8

1 © o . e]KB dSK
|2(R'w):(27)3 f_xf_wf_w (1 K2+ (= 1) (2 K) 2= e 0?) (wy(a-K)*— e w?)’

(29
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=]

A

y

FIG. 2. Coordinate system used in evaluating the intedraémd| , .

B. Evaluation of integrals

The following considerations are easier to perform using®! Order zero. Finally the ;
1(:ordlng to Eq.(A3), and the result is

cylindrical coordinates, where for convenience and withou
loss of generalitya=¢, is chosen(Fig. 2). Once the respec-

tive results have been obtained, they will be rewritten in
coordinate-free form. This approach has been used previ-

ously by Chef’to evaluate an integral similar to(R, w). It
is

K=K, g+K, cos® g +K, sind g, (30
R=x g+r cos¢ g,+r sing e, (31
K-R=xK+rK, cog® - ¢), (32

the differential volume element @K =K, dK, dK, d®,
the limits forK,, K,, and® are from—oo to o, from 0 tooe,
and from O to Zr, respectively. Furthermorey and o trans-
form into

a= K+ p Ki—ow?, (33

‘]O(rKr)Kr dKr

0'=,U,HK§—Qw2. (34

Substituting Eq.(32) into Eq. (28) and using Eq(Al) of
Appendix A to perform theb integration provides

1 (= (= Jo(rK)K, dK,
|1(F3,w):—2j f 2 2 2
(2m)* J-w)o u Ki+puKi—ow

x eKx dK,,

(39

whereJ, is the Bessel function of the first kind of order zero.
Using Eq.(A2), the integration oveK, can be performed to
yield

11(R,w)=
1(_ 4772/,“_

2
* )
ry L k2 2 )eJXKXdKX,
1 Iz

<[k l
(36)

whereKj is the modified Bessel function of the second kind
« integration is carried out ac-

1 expljov(elwp) - (u X+ wr?)
Il(Biw)_ E

ViV X+
(37)
or in coordinate-free representation
I1(R,w)= !
1(R0)=7—2

y expljoRvVelum, \/Mn+ (wy—m) (@ R)?)
Ve N+ (p— )@ R)?

(38

The evaluation of »(R,w) with respect to the integra-
tion over® andK, is performed in the same way as above to
give

1 0 o
B0~z |, G

wKi—0w?) (uKi—ew?)

eXKx dK,

1 Ko(rmlu VKi—ewlu)
4 My J - 2 Qw
KEi——
M
[
Application of Egs.(A4) and (A5) then leads to 1 i » e tdt » e tdt
o + : 40
7 2Vgwln fo 202 fo 07 @O
Iz(R,w)=exp<jw L (e X2+ r?) where
My
1 Vuy, Ve X2+ pr? e
4 - Mlz ast 2MH 210= —jo —— (N X+ wyr= Vu, x%). (41
A7 Qw myr Mk
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In the far field &,r — ), z; , goes to infinity so that the integrals (40) vanish, resulting in the coordinate-free representation

1 Vi Vit (i — ) (@ B2 exifjoRVel myn N+ (s — )@ R)?]

Ifar(B, ):_ -
2 v’ w(1=(a-R)?) 4mR

(42)

C. Explicit coordinate-free form of G _2/, IV. NUMERICAL EVALUATION AND DISCUSSION

Thus resulting from Eq(27), the far-field representation

. Numerical evaluation is performed for a unidirectional
to be further evaluated is

graphite-epoxy composite; the relevant material parameters

G (R,w)=1 1,(R,0)—[VV+V2aa—(a V)(Va are given by u, =34 GPa, u,=6.8 GPa, and o
=T =0T T T T T =1.6 g/cni. Due to the symmetry conditions and the vari-
+av)] Ifzar(B,w), (43 ability of fiber directiona in the results given above, evalu-

_ far _ ation in thex-z plane is sufficient. In the following, Green’s
with I; andl; given by Eqs(38) and(42). Performing the  gyagic function is convoluted with an appropriate time func-
V operations ori;" according to tion and then plotted for several orientations of fiber direc-
tion a, which is characterized by anglasand x as shown in

VR=R, (44) Fig. 1. To account for a realistic experimental pulse as ap-
1 plied in nondestructive testing, a raised cosiRC2) time
VR= = (I-RR) (450  function as shown in Fig. 3 has been used according to
results, after some algebraic manipulations, in frea(t)=[1—cog wt/2)]cog wt), O<t<4m/w. (51
[VV+V?aa—(a-V)(Vat+aV)] I5(R,w)
o o . In Figs. 4-6, the modulus of the nonzero components
_ [RR+aa—(a-R)(Ra+aR)] L(Ruw). (46) (GE)i; , which, physically, represent the displacement com-

ponents inj direction due to a concentrated forceiidirec-
_ _ tion, are plotted for a frequency @=2=-1 MHz at time
Here, relationgB1)—(B4) of Appendix B as well as the con- t=5y4s in linear scale. The represented area is 20

[1-(a-R)?]

dition R— have been used. Obeying the identity X 20 mn? in the x-z plane, the generating force being lo-
R - A .. R cated in the center.
(axR)=[1-(a-R)“]I-[RR+aa—(a-R)(Ra+aR)], In cases wheren=0° (Fig. 4 only the component

(47) (ijs""ﬁ{)yy does not vanish; here wdirected force excites a
y-polarized cross-plane shear wave at the highest amplitude.
A variation of k leads to a respective rotation of the wave

axR fronts. Fork=0° fixed, as also displayed in Fig. 4, a varia-

and introducing the unit vector

UR)= >0, (48)  tion of a leads to changes in the wave patterns with vanish-
[1-(a-R)7] ing contributions inx direction and no excitation at all for
then yields «=90°. Correspondingly, as shown in Figs. 5 and 6, the
) other components increase with the characteristic patterns of
o 0 csy(R) el@Rlesi® wave excitation which can, qualitatively speaking, be easily
Gsu(R,w)=\/— U(R)U(R), (49  understood according to the nature of the cross-pBhe
My My 4mR waves
where the modulus of group velocitys,; has been intro- The application of the space-time far-field representa-

duced, the derivation of which is described in Appendix C.tion of Green’s dyadic function fo8H waves[Eq. (50)] is
Performing the inverse Fourier transformation of this expres-
sion with respect taw finally results in

R - +2
R) - . ~ . 6(t—R/ R
GE(R,)= \/ME(:S:—(l‘) a(R)U(R) % l /\
(50)

2 teln
where §(t) designates the Dirac-delta function. This is the l \/ \/
space—time far-field representation of Green'’s dyadic func- 2

tion for cross-plane shear waves in TIA media; the corre-

sponding representation of the triadic function is given ingig. 3. Raised cosinéRC2) time function used to account for a realistic
Appendix D. experimental pulse.
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FIG. 6. Components@</ xy.yz for k=0° and variablea. The values in
FIG. 4. Component@g),, for «=0° and different values of (first row), parentheses indicate the respective maximum amplitudes in percentages of
and for k=0° and variablea (second roy. The values in parentheses the absolute maximum in the cage= k=0°.
indicate the respective maximum amplitudes in percentages of the absolute
maximum in the casee=«k=0°.

\ 7/
\

/

ﬁ( )
)
7\

flection and transmission coefficients for the case of two ar-
bitrarily oriented transversely isotropic layers presented
reviously*’
It should be noted that the appearance of group velocity

the exponential function in Ed49) is independent of the
far-field approximation, as can be seen from Etf)), while

in the classical paper by Buchwall,group velocity, ex-
pressed by the correspondiKgvectors, appears through the

not restricted to homogeneous TIA media since the orienta
tion of the rotational symmetry axis has been retained as af
additional parameter. Thus the results presented in this stud
are particularly useful in the case of layered structures whe
emphasis is oisH-wave propagation. This is the case, e.g.,.
for two mutually orthogonal layers of composite material

with SH waves polarized perpendicular to the fibers and ob
OIapplled asymptotic integral evaluation. It should also be

liquely incident on the interface. The resulting reflecte

waves are also o8 H type, having the same polarization as mentioned that the neglection of the integrals in E40)

the incident wave. Particularly useful for this consideration jgdoes not affect the aceuracy of t.he far- f'elofla,a pproximation.

the algorithm to numerically evaluate tliplane-wave re- Performmg thev opc.-:‘ratl.ons orl, m;tead ofl " [Eq. (43)]
and retaining resulting integrals with terms of orderzi

+1)? leads to an additional term in E¢49), which, how-
300, 0° 60°, 0° 90°, 0°

xx (25%) (75%) (100%) ever, vanishes when the inverse Fourier transformation with
' ‘ ' respect tow is performed. The direct functional relationship
/,_-\’——n\ //-\’—'\\ N between the modulus of group velocity and the spatial coor-
dinates given in the Appendices has proven to be particularly
I T T 1 useful for modeling oSH-wave propagation at low compu-
\____{/ N/ -’ tation times>® Finally, it is worth mentioning that the rep-

— resentation given in Eq49) leads to the same result as the
72 (100%) : (100%) 00%) : one given by Ben—Menahgm anq Gib&bifor p_oroelasnc

' * inhomogeneous anisotropic media when applied to the ho-
mogeneous transversely isotropic case with fiber direction

(( ») | I( ) iy | )) | fixed parallel to a coordinate axis.
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APPENDIX A. INTEGRAL FORMULAS

FIG. 5. Components(_;ﬁfsar xx.zzxz 10F k=0° and variablex. The values in . . .
parentheses indicate the respective maximum amplitudes in percentages of 1N€ evalu_a“()n of the In_tegr_alsl(B.w) and| 2(81“’)_ IS
the absolute maximum in the cage- x=0°. performed using the following integral formulas. With

738 J. Acoust. Soc. Am., Vol. 102, No. 2, Pt. 1, August 1997 Martin Spies: Cross-plane shear waves 738



designating the Bessel function of first kind of order zero,point R is characterized by group velocity, it is for the re-
K, designating the modified Bessel function of the secondpective unit vectors
kind of order zero ancg; being the exponential-integral

functior? it is: R=Csn, [RI=[csH=1. (C2
27 Thus it is
f elX I~ DgP =275(x), (A1) i i
° A p K+ (= p)(a-K)a ©3
0 J ax - 2 2_ .2 . 2N2'
f xg(Tle dx=Ko(ab), a>0, Reb>0, (A2) Vil +(uf = pd)(@R)
0 and
© ) ™ ~
f Ko(ayx?—b?)el®* dx= exp(jbya?+c?), - w(a-K)
e JaZ+c? (aR)=—= > —" (CH
(A3) Vil +(uf—u?)(@R)
» Ko(bya?+x?) T Combination of these two equations leads to a direct rela-
ez € dx=— o~ [e*Ei(—dy) tionship betweerk andR according to
0 ac+x 4a p K A g
acg (— . R+ (u, —m)(a-R)a
+e%°Ej(—dyp)], (Ad) R— M = (MLZ Muz)(_ _A)_Z; (5
where \/MH +(pi—up)(aR)
d1,2=a~/b7+c?tac, also the modulus of group velocity can be obtained as a
1 L spatial function as
© e
S — = X —
Bi(=x)=e X - fo (x+1)? dt, x>0. (AS5) can(R) = \/ My My (o)
SH ~) _ 2 2 *
Equation(A3) can be found in Ref. 24, while the other rela- @yt (pr—m)(@R)%)
tionships are taken from Ref. 23.
APPENDIX D. GREEN’'S TRIADIC FUNCTION
APPENDIX B. SPATIAL DERIVATIVES The SH part of Green'’s triadic functioi. 5} is defined
' as
In the evaluation of thé&¥ operations in Eq(43) the N
following relationships are usedD=p;+(x, —u)(a éSH(B’“’)_g'YQSH(B"") (D1)
‘R)? C=w\olpm,): and is symmetrical in the first two indices. Using E@s1)—
1 (B4) and obeyingR— allows us to perform th& opera-
V(a-R)= 2 (a-(a-R)R), (B1)  tions onGgy according to Eq(D1). Additionally it is
A A A » J— . » X »
V(RVD) = (s R+ (ju — uy)(2- R) @)/ VD, (82) ViR - - L — (B-(2 F—*)‘i"}(f B)
- R[1-(a-R) 1-(a-R)
] 5 Ca @B [ ] [ ]
lwll-@R?) i R1-(a-R)??
ml1=(a-R)7] I R[1-(a-R)“] +(axD)|, (D2)
X (a—(a-R)R), (B3)
lCR/D jCR\/B—l ICRD where, with a=(a,ay,a,), the antisymmetric matrix is
- R+ (u, — given by
| =D RD RVD (o R+ (e — )
~ 0 a, —ay
X(QR)Q) (84) QXI:: —a, 0 ay . (D3)
APPENDIX C. DERIVATION OF GROUP VELOCITY AS 8y & 0

SPATIAL FUNCTION In the far-field approximation the derivatives according to
In lossless media, the velocity of energy transport isEd: (D2) can be neglected, since only terms of the order

given by the group velocity, which has, for the materials(1/R) are retained. Thus it is
under concern, been obtained previoudlfor SH waves,
group velocity can be written as éfsaﬁ(g,w)zij

Csh=(Qvsy) L, K+ (p— 1) (a-K)al, (Cy

wherev s= w/Kgy designates the phase velocity. Since the
(energy contribution to the wave field at an observation where

el @R/Cs(R)

47R

XCi(wR+(pm, — w)@UR)U(R), (D4

739  J. Acoust. Soc. Am., Vol. 102, No. 2, Pt. 1, August 1997 Martin Spies: Cross-plane shear waves 739



/Q/,U« M. G. Silk, “The generation of polarized shear waves and their propaga-
Il

= . (D5) tion in steels,” inProceedings of the International Symposium on New
= ; . o . . §
wy (M\\+(ML_MI\)(@'B) ) Mgthods in NDT and Their Application in Nuclear Englneenrﬁﬁar
brucken, Germany, 17-19 September 19085ZFP, Berlin, 1980 pp.
The performance of the double contraction {B4) is 467-480.

straightforward; the final result for the space—time far-field"’R. B. Thompson, S. S. Lee, and J. F. Smith, “Absolute measurement of

representation of Green’s triadic function for cross-plane stress in textured plates from angular dependenc&tbfvelocity,” in
shear waves in TIA media is Review of Progress in QNDEedited by D. O. Thompson and D. E.

Chimenti(Plenum, New York, 1984 Vol. 3, pp. 1311-1319.

[ 13C. M. Fortunko, “Ultrasonic evaluation of austenitic stainless steel welds
Efar(R t)= Qu (ljl(li)lifj(li) using shear horizontal waves,” Appl. Phys. L&, 699—700(1981).
sSH = M\|+(M¢—Mu)(a'§)2 T 14G. Hibschen, “UT with SH waves and electromagnetic ultrasonic

(EMUS) transducers,” inReview of Progress in QNDEdited by D. O.
S (t—R/CSH(é)) ;Tngzs;n and D. E. ChimentPlenum, New York, 1990Vol. 9, pp.
) ——————=.  (DB) oo L . . .
47R M. Spies and M. Kraing, “A computationally efficient modeling code
for SH wave propagation in austenitic welds using an explicit space—time
Green's function,” in Review of Progress in QNDEedited by D. O.

1Y. H. Pao and V. Varatharajulu, “Huygens’ principle, radiation condi- Thompson and D. E. ChimenPlenum Press, New York, 199§0l. 15,
tions, and integral formulas for the scattering of elastic waves,” J. Acoust. pp. 145-152.

Soc. Am.59, 1361-1371(1976.

2R. G. PaytonFElastic Wave Propagation in Transversely Isotropic Media . . o .
(Martinus Nijhoff, The Hague, 1983 isotropic media,” J. Nondestruct. Evdto be submittef]

2A. Tverdokhlebov and J. L. Rose, “On Green's functions for elastic M- SPies, “Elastic waves in homogeneous and layered transversely iso-
waves in anisotropic media,” J. Acoust. Soc. A8, 118—121(1988. tropic media: Plane waves and Gaussian wave packets. A general ap-
4A. Tverdokhlebov and J. L. Rose, “On the application domain of the 18proach,” J. Acoust. Soc. AmBS5, 1748-17601994. _

Green'’s function approximation for mild anisotropic media,” J. Acoust. ~ M. Spies, “Elastic waves in transversely isotropic media: Plane waves,
Soc. Am.86, 1606—-16071989. Gaussian wave packets, Green’s functions, elastic holography,” Ph.D.
5V. K. Tewary and C. M. Fortunko, “A computationally efficient repre-  thesis, University of Saarbeken, Germany, 1998n German.

sentation for propagation of elastic waves in anisotropic solids,” J.'°This approach has been used by Clisee Ref. 2 for the case of a
Acoust. Soc. Am91, 1888-18961992. uniaxial electromagnetic medium; another possible method has been ap-
5C. Y. Wang and J. D. Achenbach, “A new look at 2-D time-domain plied in Ref. 9.

elastodynamic Green’s functions for general anisotropic solids,” Wave2o . Chen,Theory of Electromagnetic Waves—A Coordinate-Free Ap-

7Motion 6, :‘?’89_495(1993' . . ) . proach (McGraw-Hill, New York, 1983.
W. Ren, “Spherical wave functions and dyadic Green’s functions for 21y, T. Buchwald, “Elastic waves in anisotropic media,” Proc. R. Soc.

homogeneous elastic anisotropic media,” Phys. Rev7E4439-4446 London, Ser. A253 563-580(1959.

[pel}
1c>
—~~
0>
SN—
1)
—~
[pel}

+

M. Spies, “Computationally efficienSHwave modeling in transversely

(1993. 2 ; o~ )
8J. H. M. T. van der HiidenPropagation of Transient Elastic Waves in /- Ben-MenahemandR. L. Gibson, "Directional attenuatioiéfwaves
Stratified Anisotropic MedigNorth-Holland, Amsterdam, 1987 in anisotropic poroelastic inhomogeneous media,” J. Acoust. Soc. Am.

9M. Spies, “Elastic wave propagation in general transversely isotropic me- 93, 3057-30651993.
ia. I ’ i i ” 3. S. Gradshteyn and I. M. RyzhiRable of Integrals, Series, and Prod-
dia. I: Green'’s functions and elastodynamic holography,” J. Acoust. Soc. Yl Y ) grals, ,

Am. 96, 1144-11571994). ucts (Academic, New York, 1980
10K . Helbig, Foundations of Anisotropy for Exploration Seismi@erga-  2*F. OberhettingerFourier Transforms of Distributions and Their Inverses
mon, New York, 1994 (Academic, New York, 1973

740  J. Acoust. Soc. Am., Vol. 102, No. 2, Pt. 1, August 1997 Martin Spies: Cross-plane shear waves 740



Focusing of N waves in air by an ellipsoidal reflector

Wayne M. Wright® and David T. Blackstock
Applied Research Laboratories, The University of Texas at Austin, P.O. Box 8029, Austin,
Texas 78713-8029

(Received 14 June 1996; accepted for publication 31 March)1997

An experimental investigation of the focusing of intense, airborne pressure pulses by an ellipsoidal
reflector is reported. Short-duratibhwaves were generated by weak sparks at the near foco$

four different prolate ellipsoidal surfaces. Reflection then concentrated the rays at the far focus
F,. Measurements were made with a wide-band microphone, primarily along the axis of the
reflector. A few transverse measurements in the pland-pofwere also made. In the axial
measurements the reflectedrightN wave and edge-diffracteinvertedN wave) components of

the signal are distinct at points distant frdm, approach each other as the focus is neared, and
merge at the focus. At the focus the waveform is U-shaped, or cusped. B&yoad'droopy”

N wave emerges and, where the edge wave can be resolved, it now arrives first and is phase inverted
relative to its prefocal version. The more intense reflected wave does not experience phase
inversion. Some features of the observed waveforms are consistent with recent calculations by
Hamilton, which are based on lossless, linear theory. Other wave characteristics, including pulse
amplitude and location of the head and tail shocks, are strongly influenced by nonlinear effects.
© 1997 Acoustical Society of Amerid&0001-496807)04708-3

PACS numbers: 43.25.Jh, 43.25.Zx, 43.20.Px, 43.80M5RB |

INTRODUCTION and diffraction—interact in a complicated way to produce

the characteristic lithotripter pulse shape at the fochAs

Focusmg' by ellipsoidal 'reflectors, demonstraj[ed by .meaénalytical solution has been obtained by Hamiftéor the
surements with short-duration pressure pulses in air, is thgmall-signal problem (nonlinear effects and losses ne-

subject of this paper. The use of pulses instead of cw Signal&lected. He used the Helmholtz—Kirchhoff integral to pre-
helps identify various components of the wave field. In our

th I o ted b K electri Idict waveforms along the axis of an ellipsoidal reflector.
casek ?A'ptl: sez\la wavEs genlerak;a y We:jat € ?cdrlcfa Christophet has developed a computational model for ellip-
sparks. Arborne\y waves have also been used 1o study 10-4;q focusing of finite-amplitude wavésffects of absorp-
cusing by a spherical mirrdsee, for example, Corrfétand

by a paraboloidal reflectdsee. for example, Beasley al?). tion and dispersion also includedHis predictions, specifi-

i ally for a Dornier HM3 lithotripter, agree well with the
Other surface contours have advantages for particular applE— y P g

. T . orresponding measurements of Colensral® When ab-
cations. The ellipsoidal surface provides excellent transfer o

bet W irfisr foci) of moderat orption and nonlinearity are removed from the algorithm, he
wave energy between two poir .OC') ot moderate Sepa- - tains excellent agreement with Hamilton’s on-axis analyti-
ration. Ellipsoidal reflectors find practical use in

cal waveforms. When nonlinearity is included, his computed

. . 3-6 . . . .
L|th(r)]tr|p|sy, ¢ an |r(111_p_o rtar_1t rer(]:_err:t ti;p[f)f||lc_f;’tjtlon :j)_f aCOUSt'F":l waveforms nearf~, differ substantially in both shape and
echnology 1o medicing, in which the fluid medium consis Samplitude from the small-signal waveforms.

of water and body tissue. Indeed, questions raised about Most experimental studies of ellipsoidal focusing have

lithotriper sound fields mot|vated_ the present study. been done in water or tissue. By performing our study in air,
Extracorporeal shock wave lithotripters employ a SOUrC&, o avoided the complication of cavitation and the bubble

of intense acoustic waves, located outside the human bOd}S'ulse Moreover, the nearly symmethcwave produced by

tho destroy k!dney stongsb?ncé gallston:es]!tljl W'tth out (it IIS a spark in air is in some ways better suited for interpretation
qped causing appreciablé damage 1o 1iving tisSue. in one,, analysis than is the waterborne spark-produced pulse.

widely used commercial lithotripter, from the German firm That pulse is a very sharp positive spike followed by a long

Dornier>® energetic sparks in water produgeearly unipo- shallow negative tail

lar) _posi_tive_ pressure pulses at the in_terior fodus Qf a Most of the measurements reported here are along the

hemi-ellipsoidal reflector, and the patient's body is pos"axis, but a few are transverse, in the plan&ef The effects

tlone_d S0 that the StOT‘e is located at the second fﬁcijs of focusing, diffraction, and nonlinearity are clearly evident
Irradiation by successive focused pulses causes erosion an1dthe waveforms

eventual breakup of the stone into fragments small enough to
pass out of the body naturally through the urinary tract.
Theoretical modeling of the ellipsoidal sound field is |. ELLIPSOIDAL REFLECTION
challenging. Three factors—focusing, nonlinear distortion,  Figure 1 indicates the pertinent definitions and geometry
for the prolate ellipsoidal reflectors used in this study. The

apermanent address: Department of Physics, Kalamazoo College, Kalam@19in of ther,z cylindrical Coordinate_ S)_/Stem is at the sec-
zoo, MI 49006, Electronic mail: wwright@kzoo.edu ond focusF,; the center of the ellipsoid is at= —z,. The
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are important, nonlinear distortion of the reflected wave

Large Reflector should be particularly consequential in the vicinity of the

Mid-Size focal point. Indeed, finite-amplitude effects may prevent, or
Reflector at least modify, phase inversion of the reflected whve.
Another expectation has to do with the magnitude of the
z edge wave relative to that of the reflected wave. The rays
ANt """ - -T-- —_— striking the rim of the reflector are weaker than the paraxial
Small reflected rays, since on the ellipsoidal surface the ray density
Reflector is least at the rim, and thus the edge wave is relatively weak.

The weakness of the edge wave is expected to be more pro-
nounced for deep reflectors than for shallow ones.

-(’1 .
©
N
o
3

14.00 cm II. EXPERIMENT

Four ellipsoidal reflectors were machined from alumi-
FIG. 1. Geometry of ellipsoid, showing interioF {) and exterior F,) foci - Qi ;
and three reflectors with differing depths but common af@ss=28 cm, r;]mlbbCIlI(Sh. Threhe denOtEd.Large’ g“zd Size, a.nd Sm.a” in
2b=14 cn and eccentricitg = 0.866. ig. 1—all have the same major axia2 28 cm, minor axis
2b=14 cm, and eccentricity=0.866. The depths are given

. oo 22 in Fig. 1. The fourth reflector has the same separation be-
equation of the surface iS/b?+(z+2o)*/a’= 1, the lengths tween foci but eccentricitye=0.753 (other measurements:

of the major and minor axes ar@nd 2, respectively, and 5. _355 cm 2= 21.2 cm depth behird,; =4.0 cny. The
€ = y1—(b/a)”is the eccentricity. Regardless of the launch |, qe reflector is the deepest one. It is a hemi-ellipsoid; the
direction, sound originating at focub,, arrives after a genaration between its aperture plane and either focus is
single reflection at the second focks after having traveled 15 15 o Although the fourth reflector has the same aper-
a path of length 2. If the waves are small signal, therefore, . gjze and distance between foci as the large reflector, it is
the travel time fronfF, to F, is independent of the particular much more shallow: its aperture is in the planeFgf. The
path f_ollowed. L ) reason for making four different reflectors for the experiment
Since the reflectors used in this experiment are only pory, .« that we wished to test some of the expectations de-

tions of an eIIipsoidaI_surface, for gxam_ple,_the section to,th%cribed in the previous paragraph, particularly the properties
left of one of the vertical dashed lines in Fig. 1, the fracuonof the edge wave.

of energy actually reaching, from F, is proportional to the The acoustic source for each reflector was the same, a
solid angle subtended by _the surfaceFat Diffraction by weak spark produced &, between pointed tungsten elec-
the edge of thg reflect'or is expected to produced an edge,eq having nominal 3-mm separation. The parallel combi-
wave. The spatial relation of the edge wave to the reflected i of a high-voltage power suppi@lassman series BH
wave is indicated in Fig. 2, which shows re_zpresentativ_e ré3 1.0-nF mica capacitor, and the spark gap functions as a
flected V\{avef_rontﬁ ar_1d _edge wavefronss. Itis seen that if simple relaxation oscillator. Firing voltage was about 5 kV.
the receiver is on-axis in front of the focug<(0), the re- i stment of the spark repetition rate was possible, through

flectgd wave leads the edge wave. The reverse is true if th@ontrol of the supply voltage, up to several discharges per
receiver is beyond the focug*$0). Only at focusF, do second®

both waves arrive simultaneously. From linear theory one The microphone was of the wide-band electrostatic
expects(1) the edge wave on axis to be phase inverted relafype_lo The diaphragm was 1/4-miB-um) aluminized My-
tive to the reflected wave, arf@) the reflected wave to suffer lar, stretched over a 16-mm-diam cartridge which contained
phase inversion as it passes through the focus. Thus if e 1 g-mm-diam smooth metal back electrode, embedded in
prefocal reflgcted S|gr_1al is a conventiodawave, the edge a plastic insulator. To avoid diffraction by the microphone
wave there is an up5|de dovi; beyor_1d_ the foc_us the po- itself, we fit the cartridge flush in a 127-mm-diam plane
larities of the two signals reverse. If finite-amplitude effectsy 109 The microphone was attached directly to a preamp-
lifier, which provided a high-impedance load as well as a
135-V dc bias voltage for the microphone. Individual wave-
forms were stored on a Tektronix RTD 710A Digitizer. The

Ellipsoidal Reflector

\ps _Eééeuréolg baffled microphone had a free-field response of approxi-

2 mately 0.05 mV/Pa from low frequencies to above 0.5 MHz.

Spark at A sturdy optical bench was used for mounting the spark
/_FOCUS Fy \C//\/é\/\/ A electrodes, ellipsoidal reflector, and microphone. Positioning
\/\/\ /\/B/\ was done manually. Alignment was maintained with a HeNe

‘ laser beam.

Careful measurement technique was required. Near the

z exterior focusF,, the measured waveforms were found to be

especially sensitive to shifts in spark location. Successive

FIG. 2. Schematic representation of reflect®) @nd edge-diffracted() spgrks do not follow precisely the same pqth between
wavefronts from a hemi-ellipsoidal reflector. pointed electrodes, and a spark 3 mm in length is not truly a
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and has a tail. BeyondFr, the diffracted pulseC arrives
Mic z = ahead of the reflected one, as promised by Fig. 2. Moreover,
-12¢em it appears inverted relative to its prefocal shape, beginning
with a peak rather than a trough. Also to be noticed in the
sequence of waveforms is the gradual increase in separation
of the head and tail shocks; this is a finite-amplitude effect.
Similar sequences are shown for the mid-size reflector in
Fig. 4@ and for the small reflector in Fig.(d). Source con-
ditions were not quite the same as those used for the large
reflector. The sparks were slightly more intense. Because of
the relative weakness of the small reflector field, the signals
in Fig. 4(b) have been magnified by a factor of 2 relative to
those in Fig. 4a). Although no pressure scale is givéhis
not known to the same accuracy as that in Fig.tBe trend
of the waveforms is clear. One sees that the results differ
considerably from those obtained for the large reflector. The
edge waveC is relatively stronger, but because of the
smaller aperture radius, signasandB have smaller sepa-
ration andC merges withB more quickly. These results
were expected. Failure of an inverted edge wave to emerge
in front of the reflected wave for the postfocal region is note-
worthy. The amplitude increase of the reflected wave as it
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+ +8cm approache$, is not as appreciable as in Fig. 3. Nor is the

L +12¢em wave at the focus as far along in the transition frointo

' U shape.

L ! n Measurements with the fourth reflectwide but shal-

0 50 100 150 200 low) are presented in Fig. 5. Axial measurements are shown
Time (usec) in Fig. 5a), transverse measurements in the plané& ofn

Fig. 5b). In the axial waveforms the pressure amplitude at
FIG. 3. Waveforms observed along the axis of the large hemi-ellipsoidath€ focus is comparable to that measured for the large reflec-
reflector, with aperture diameter 14 cm, depth 14.0 cm, and eccentricitfor, while the overall waveform shapes beyoRd more
0.866. The time origin for each position corresponds to arrival of the directC|05e|y resemble those for the mid-size reflector. Especially
N wave from the sparkA). Reflected B) and edge-diffracted®) signals . . . . .
are indicated noticeable in Fig. &) are(1) a pronounced increase in shock
separation at = —4 cm, where the negative initial portion of

. . . the edge wave has merged with the negative second half of
point acoustic source. Even when the experimental apparattfﬁe reflected wave, an®) the gradual lengthening of the

was aligned with great care, variations in amplitude at th(?Nave beyond the focus. The transverse waveform sequence

focus of up to 20% were not unusual. in Fig. 5(b), displayed as left and right pairs, shows that the
field was symmetric and the apparatus well-aligned. Since

. EXPERIMENTAL RESULTS the edge wave is strongoherent only on the axis, it does

not appear in the Fig.(b) traces. The approximate diameter

Figure 3 shows axial waveforms for the large reflector. the focal reai ithin which th litude d
The pressure scale is the same for all traces. A time referen(?é € focal region, within Which thé pressure amplitude de-

is provided by the direcN wave from the spark, labeled creases from the axial value by 6 dB, is 1.6 cm.
A. For the top waveformz=—12 cm), the microphone is

midway between the foci, in the aperture plane of the refleclv' COMPARISON WITH LINEAR THEORY
tor. One notes that the reflected sigBals initially an ordi- Hamilton ! has evaluated his linear solution to predict
nary N wave (similar to A), while the edge wave, labeled the axial pressure waveforms fof waves incident upon a

C, is inverted. As the microphone approaches the focusmumber of ellipsoidal reflectors. For each case he calculates
F,, the separation between the edge and reflected wavekree distinct contributions: eenter waveanedge waveand
decreases, but the two signals are still fully resolved 4 cm ira wake The wake is controlled by a term in the analytical
front of the focus. For both pulses, the amplitude increasesolution that results from the nonuniform pressure amplitude
slightly asF, is approached. at the mirror surface.

Reflected and diffracted waves merge to produce a Hamilton's linear analysigas presented in Ref)and
cusped, or U-shaped, wave at the focus. The pressure amptiur experiments in air show qualitative agreement as fol-
tude there is greater than 5000-F&05 atm. At larger axial lows:
distances the waveform takes on a “droopiN’ wave ap- (1) When the axial observation point is in front of the
pearance, a kind of blend &f andN shapes. Two shocks are focus F,, the edge wave is distinct and inverted and lags
evident, but the curve connecting them is not linear. Thebehind the center wave. AS, is approached the lag de-
second shock overshoots into the positive pressure regiocereases. The relative amplitudes of reflected and edge waves
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FIG. 4. Waveforms observed along the major axigafthe mid-size reflectofdepth 5.92 crhand (b) the small reflectofdepth 1.88 cm; with 2 gain).

that we observed are in reasonable agreement with predicluced, relative to that for our large reflector, by factors of
tions. The two waves merge in the focal region, and a®.85 and 0.54 for the mid-size and small reflectors, respec-
greater distances the edge wave leads and, for those expetiively. The pressure amplitudes measure# afor these two
mental situations in which it is resolved, is an uprightThe  reflectors are about 40% of the values based on these factors.
failure of the reflected wave in our experiments to invert mayThe discrepancy can be attributed largely to nonlinear propa-
be attributed to finite-amplitude effects. gation effects, which cause attenuation of tthevave.

(2) For the situations of Figs. 4 and 5, even before the = Much evidence of finite-amplitude effects appears in the
reflected wave reaches focls the expansion connecting measured waveforms. The head and tail shocks of the re-
the head and tail shocks ceases be linear and curves upwaftbcted wave become increasingly separated with propaga-
The tail shock overshoots into positive pressure and has itson distance. Moreover, notice the difference between the
own tail. These features are associated with the wake. Seduration of the much weaker direct wageand the reflected
e.g., Fig. 8h) of Ref. 7. wave B, even far before the focus. Attention has already

(3) At the exterior focus the waveform tends to be been called to the failure of the reflected wave to invert when
cusped oU-shaped. The observed shape is consistent witlit passes through the focus. In the postfocal region, steepen-
the derivative of the source function that is predicted by Eqing of the compression segments of the waveform, and cor-
(30) of Ref. 7. responding easing of the expansion segments, contribute to

(4) Between the two foci the edge wave for a particularthe gradual change from U shape in the focal region to the
ellipsoidal surface becomes more significant, relative to the¢droopy” N shape beyond the focus.
reflected wave, as the reflector depth is reduced. This effect
cor_responds_ to the fact tha_lt rims of_shallow reflectors are N, CONCLUSIONS
regions of higher ray density than rims of deep reflectors.

Although the assumption of linear superposition of wave  Short-duration acoustic transier(td waves, produced
contributions is not truly valid for the finite-amplitude sig- by weak sparks at the interior focls, have been reflected
nals in our experiments, it can still lead to helpful bench-from four different ellipsoidal mirrors. As the microphone is
marks. Consider, for example, the amount of radiation thamoved along the mirror axis toward the exterior fodus,
would be incident upon each of the reflectors if the sparkthe initial N wave distorts somewhat toward a U-shaped, or
were an ideal point source #&;. The initial solid angle cusped, wave. Shocks are present in all of the observed
within which the incident wave is specularly reflected is re-waveforms.
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14 cm, depth 4.0 cm, and eccentricity 0.753.

A distinct diffracted wave, which originates at the edge The most interesting finite-amplitude effects are the
of the reflector and propagates with leading rarefaction, idengthening of the signal between shocks and the failure of
observed in front of the focus for each of the four reflectorsthe reflected wave to become an inverdétheyond the focus
Only for the largest reflector did we observe the edge wavé,. The computational work of Christopher supports our
in the postfocal region. In that case the edge wave begins, dmding that neglect of nonlinear propagation effects can lead
predicted, with a condensation. to a substantial overestimate for the amplitude in the focal

Numerical calculations by Hamilton, based on a losslessiegion.
linear propagation model, predict waveforms that compare
favorably in several respects with our observations. Particu”CKNOWLEDGMENTS
larly noteworthy is the observed distortion of tine wave We gratefully acknowledge the assistance of Fred Cot-
that is attributable to the wake term in the analysis. aras, Matthew Jones, Stephen Cheng, and Pingwah Li in the
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Dissipative effects on Bjerknes forces between two bubbles
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The time-averaged forces exerted by a sound field between two gas bubbles, normally called
Bjerknes forces, are examined. The surrounding medium is assumed to be an incompressible
viscous liquid. It is shown that the acoustic streaming, which develops around the bubbles due to
viscosity, adds one more term to the Bjerknes force that is dominant when the viscous wavelength
is large compared with the bubble radii. €997 Acoustical Society of America.
[S0001-496607)05007-9

PACS numbers: 43.25.YWAB]

INTRODUCTION
_ N _ Fj:f (279(n;-V)V@ + n; X (V xv(?) —n;p?

Bjerknes forces arising between two bubbles in a sound S
field and causing them to attract or repel each other are well- (D)D)
KNOWN i : - pvo (Vi ng))dS, )

wn in acoustics. They are named for C. A. Bjerknes and
his son V. F. K. Bjerknes, who were the first to report on thiswherev is the liquid velocity p is the liquid densityp is the
effect and to derive an analytical expression for the fofces.liquid pressurey is the shear viscosity of the liquif; is the
The later literature on this topic is reviewed in sufficient mean force on thgth bubble §=1,2), S; is the equilibrium
detail in several articlés® and therefore only works directly surface of thejth bubble,n; is the unit outward normal to
relevant to the subject matter of the present paper will bé5;, the superscriptél) and(2) in Eg. (3) denoted quantities
mentioned below. of first and second order in the amplitude of the incident

The purpose of this paper is to study dissipative effectdield, and() means an average over the incident field cycle.
on the Bjerknes forces between two radially pulsatingAs Eg. (3) shows, calculation of the force requires®,
bubbles. When deriving an expression for the forces, C. A{v‘?), and(p®). The first-order velocityw*) is determined
Bjerknes is known to have neglected the dissipative effectddy the linearized equatiorfd) and (2)
These appeared to be first taken into account by v.vP=0 @)
Zabolotskay& using the well-known phenomenological pro- ’
cedure: She entered damping into equations for the instanta- vt
neous radii of the bubbles that were initially obtained foran P 5
ideal liquid. This approach, however, takes no account of the ) i
acoustic streaming which develops around the bubbles due SSUMing thatl>R,,R,, we can treat pulsations of the
the viscosity of the surrounding liquid. As is shown in this Pubbles as purely radial and accordingly represéft as
paper, the acoustic streaming gives rise to one more term ifP/OWs:
the Bjerknes force that plays an important role when the =V, (6)
viscous effects become strong.

+Vpt—paviH=o. (5

where ¢=¢,+ ¢+ ¢, in which ¢, =A exp(—iwt) is the
incident potential,

A. Problem formulation is the scattered potential of thj¢h bubble,r; is the radial
coordinate of the spherical coordinate system with the origin
at the equilibrium center of thgh bubble(see Fig. 1, and

ndn anda, are dimensionless constants to be determined by

the boundary conditions at the surfaces of the bubbles. We

will find expressions for these constants later; for the mo-
ent we assume them to be known and proceed to calculate
v2)y and(p®).

Let two gas bubbles with mean radR andR,, sepa-
rated by a distanck be immersed in a liquid irradiated by a
sound wave field. We assume the wavelength of the sou
field to be much larger thaR,, R,, andl. Itis also assumed
that thermal effects in the liquid are negligible, which is the
case when the thermal penetration depth is small compar
with R; andR,. These assumptions allow us to neglect the
compressibility of the liquid and represent equations of the
liquid motion’ and the mean force on each buSbées fol-

lows: B. Equations of acoustic streaming
V.v=0, (1) By averaging Eqs(1) and(2) over time and keeping up
to the second order, we obtain equations {ef?) and
v _ (p®) which are normally called equations of acoustic
P ot Tp(v-V)v=—Vp+adv, @ streaming
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wherex{V is the first-order change in the radius of bubble 1,
subject to the following relationsx{"/ot=v{") atr;=Ry.
When averaged over time, E(L6) gives
. 1
=Ry

ovtb
We should also take into consideration that the total steady
velocity field in addition to the velocity considered above
involves a component due to slow translational motions of
bubble 1 bubble 2 the bubbles caused by the Bjerknes forces. Calling this com-
ponentU and adding to Eq(17), the desired boundary con-
dition is given by

— /(2 (1)
<V|r1=R1+x1>_<V >|r1=R1+<Xl Fr

FIG. 1. lllustration of the coordinate systems used.
(1)

v
(2) (1
U+(v >+<x1 o
, ) ) L whereu, is the velocity of the slow translational motion of
7A(V?) =V (p@)=p((vD-V)vV). (9  bubble 1. By its very definition) should be subject to the
) condition:U=u, atr,=R; (as well adJ=u, atr,=R,) and
We seek(v'®)) as hence Eq(18) becomes

>:U1 at r1=R1, (18)
V-(v#)=0, ®

(V@)=VB+VxW. (10) 1wl gy
Substitution of Eqs(6) and(10) into Egs.(8) and(9) yields ® ot arq
AD=0, (11)  This equation means that when calculating the Bjerknes
forces, we treat the bubbles as if they were immobile in the
A*¥=0, (120  second approximation. Substituting E¢8), (7), (10), (14),
and(15) into Eq.(19) and retaining only the leading terms in
V{(p?)=nA(VXW)—2pV((Ve)?). (13  the small paramete®, /I andR,/l, one findsB=—a and
We shall calculate the force on bubble (Ithe force on _|A? RiR,

[ *
bubble 2 can then be found replacing quantities concerning " 4wR2 12 Im(a,32), (20

bubble 1 by similar quantities concerning bubble 2 aiwk

versa) In view of axial symmetry, we seele and ¥ as where Im denotes “the imaginary part of,” and the asterisk

indicates the complex conjugate. Substituting Ekp) into

®=a(R,/r;)? cos b, (14)  Eq.(13), we obtain
. cosf; 1
W=pe, sin b, (15) (P?)=278 =7~ 5 (V&)%) (21)
1
wheree, is the unit vector of the spherical coordinate. SYS-Here, we have also used thale(eElrl’z sin 6,)
tem related to bubble 1, andand are constants. Equations — vy (r 2 cosg;) and that(p@)—0 asr,—x.

(14) and(15), as written here, assume effects of the acoustic ) _
streaming of bubble 2 on the force exerted on bubble 1 to b&- Calculation of the Bjerknes force
negligible. It is easy to verify that Eq$14) and (15 meet Substituting Eqgs(6), (7), (10), (14), (15), (20), and(21)

Egs. (11) and (12) as well as the conditiofv®)—0 as into Eq.(3) and retaining only the leading term, one finds
r,—oc. To find « and 8, we use the boundary condition for R.R
1

the liquid velocity at the surface of bubble 1. Note that the Fi=2mp|A|2 —> 2 [Re(ala’z‘)wL Lo
condition should be applied to thperturbed surface of | 2\Ry
bubble 1, whereupon it should be taken with an accuracy up (22)

to the second order and averaged over time. To get this ravhere F; is the magnitude of;, including sign, so that
sult, we represent the perturbed surface of bubble t;as F;>0 corresponds to attraction of bubble 1 to bubble 2, and
=R;+Xx,(t) and expand the liquid velocity at this surface F;<0 to repulsion,s,=27/pw is the viscous penetration
in a Taylor series depth, and Re denotes “the real part of.” It is seen from Eq.
(22) that it will suffice to calculatea; and a, in the zero
approximation inR; /I andR,/I, i.e., as if the other bubble
were absent. This result is well-knowisee, for example,

2
) Im(a,a3 )

ov
V|r1:R1+x1%V|rl:Rl+Xl E

r,=R
e o Ref. 9 and for the case considered here is represented as
ov follows:
%V(l)|rl:Rl+V(2)|r1:Rl+Xg.l) ar ) 2 o ) 1
1 ri=Ry aj=(wj/w _1_|5j)7 , (23)
(16) where
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3kjPy; 20\
jz( PR p_R,-?’) 29
is the resonance frequency of thl bubble,
5-=w—&+2(ﬁ)2+<ﬂ)2d- (25
' ¢ R; ) Y

is the total dimensionless damping constafy;=P,
+20/R; is the equilibrium gas pressure inside thth

bubble,Py= P+ pgZis the equilibrium pressure of the host

liquid, P4 is the atmospheric pressuigjs the gravity,Z is
the depth of submergence of the bubbles, apdndd,; are
given by
-1

, (26)

3(y—1)(sinh Xj—sin X;j)
X;j(coshX;—cosX;)

Kj:‘y (1+dtj)2(l+
_ 3(y—D[X;(sinhX; +sin X;) —2(coshX; —cos X)) ]
U7 X2(coshX;—cos X;) +3(y—1)X;(sinh X; —sin X;) ’
(27)
where y is the specific heat ratio of the gas
=Rj\V20w/Dj, Dj=Kl/pjcyq is the thermal diffusivity of the

gas inside thgth bubble K is the thermal gas conductivity,

Cpg IS the specific gas heat at constant pressyg,
=paPgyj/Pa is the density of the gas inside thith bubble,
andp, is the gas density at the atmospheric pres®ye

Upon substitution of Eq(23) into Eq. (22), we finally
obtain

27TP|A|2R1R2G1

R T P T e P
where
Gy =0+ 6,5,+A,, (29)
Q=(1- 0 w?)(1- wilv?), (30
A1=}<i)2 51(32—1)—52(32—1”. 31)
2 \Ry p p

Let us compare Eq(28) with the result of Zabolotskay.

tem are broken. Clearly the acoustic streaming generated by
bubble 1 and resulting in an additional force on that bubble is
different from that generated by bubble 2 if the bubbles are
of unequal size. Therefore the total forces on the bubbles are
not equal and opposite to each other. A similar result occurs
for a compressible liquid where the conservatism of the
system and its symmetry with respect to the incident field are
broken by the finite sound speed.

II. NUMERICAL EXAMPLES

Typically the contribution to the Bjerknes forces from
the dissipative effects is insignificant. There are, however,
cases where these effects do govern the Bjerknes forces.
First, this occurs whem, or w, or both are close ta, a
trivial case. Second, this happens when parameters of the
system are such that the viscous wavelength is much larger
than the radii of the bubbles. To illustrate both these cases,
some numerical calculations have been made.

Figure 2 refers to two air bubbles in water. The corre-
sponding physical parameters arg=1000 kg/nt, 7%
=103%Pas, ¢=1500m/s, 0=0.0727 N/m, K
=0.034 JsmK), cpg=1009 JkgK), y=1.4, pa
=1.2 kg/n?, P,=1.013x10° Pa, andg=9.8 m/g. The
mean radii of the bubbles were taken toRg=20 um and
R,=10um, and the depth of their submergerge 0.1 m.
Figure Za) exhibits the ratio of the “ideal” term of Eq.29),

), to the sum of all the term&; 4, for frequencies below the
resonance frequendy of the larger bubble, Fig.(8) shows

this ratio for frequencies above the resonance frequéncy

of the smaller bubble, and Fig(l® presents curves fof)
andG; for the domain betweefy, andf,. These results give

an indication of a role of the dissipative effects in usual
cases. It is seen that those are most conspicuous near the
resonance frequencies and change moderately the magnitude
of G, in the domain betweefy andf,.

Figures 3-5 present the same two bubbles in glycerin.
The data for glycerin were taken to he=1260 kg/ni, 7
=1.48 Pa s,c=1923 m/s,oc=0.0657 N/m. Figure 3 illus-
trates the force on the bigger bubble, bubble 1, and allows
one to compare contributions ®; from each term of Eq.

Recall that she entered damping into equations for the instar§29) for various frequency regions. It is seen from Figa)3
taneous radii of the bubbles, which were initially derived forthat for low frequencies, up to about 15 kHz, the main con-
an ideal liquid. The comparison shows that in this approacltribution to G; comes from the “acoustic streaming” term
she has lost the terh; due to acoustic streaming. This term A;. Notice that for this frequency range the viscous wave-
has two peculiarities: First, it can change sign and in conselength, defined as.,=2w6,, is large compared with the
guence either increase or decrease the net contribution frobvubble radii. For frequencies near and above the resonance
the dissipative effects, and second, if we find the force orfrequencies of the bubbles, Figlb3 and(c), the other dissi-
bubble 2,F, [for which purpose we should change the sub-pative term,8;8,, becomes dominant. Thus Fig. 3 shows
script 1 in Egs.(28)—(31) to 2 and vice versa and take Eq. that at all frequencies investigated the contribution of the

(28) with negative sigh we will see thatF;# —F, asA;

#A,. This result may be explained as follows: In an ideal

“ideal” term Q is negligible.
Figure 4 illustrates the force on the smaller bubble,

liguid, the system of two interacting bubbles is conservativepubble 2. The quantitie§, andA,, shown in Fig. 4a) with

and mechanisms of the occurrence of the Bjerknes forces amegative sign, are found from Eq9) to (31) by changing
each bubble are symmetrical. The Bjerknes force on bubbléhe subscript 1 to 2 andice versa Positive values ofG,

1 is caused by interaction of its linear pulsations, induced byorrespond to attraction of bubble 2 to bubble 1, and nega-
the incident field, with the linear scattered field from bubbletive values to repulsion. It is seen from Figa¥that for low

2. The same process occurs for bubble 2. Therefore thffequencies, wherk,>R;,R,, the termA, is dominant and
forces on the bubbles are equal and opposite. In a viscousubble 2 is repelled from bubble 1. For frequencies above 41
liquid, both the conservatism and the symmetry of the syskHz, the termé§, 6, starts to predominate, and the force on
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FIG. 2. Dissipative effects on Bjerknes forces between two air bubbles i
water (R;=20um, R,=10 um).

bubble 2 becomes attractive; see Figh)4 It follows from
Fig. 4@ and comparison of Figs.(® and 4b) that the
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IG. 3. Contributions from different terms of E(R9) to the force on the
bigger bubble(bubble 1. The host liquid is glycerin, the gas inside the

=10 pm.

bubbles is air, the mean radii of the bubbles &g=20um and R,

Figure 5 shows the ratio d, to G; as a function of
“ideal” term Q is negligible in the whole frequency range, frequency. Note that a&,>0 for all frequenciesG,/G;
except for frequencies close to 41 kHz whekg and 6,6,
cancel each other.

>0 corresponds to mutual attraction between the bubbles,
while G,/G,<0 denotes that bubble 2 is repelled from
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FIG. 5. Ratio ofG, to G, versus frequency for the case shown in Figs. 3
and 4.

were first taken into account by Zabolotskdyand the
acoustic streaming developing around the bubbles due to the
viscosity of the host liquid, which has not been considered
previously. It has been found that the acoustic streaming
adds one more term to the Bjerknes force. This new term has
been demonstrated by numerical examples to be dominant
when the viscous wavelength is large compared with the
bubble radii. In addition, its presence results in the forces on
the bubbles which are not equal and opposite to each other.
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This paper studies sound scattering by a moving turbulent atmospheric medium, following the work
of Clifford and Brown[J. Acoust. Soc. Am55, 929-933(1974]. A formula for the sound
scattering cross section is derived using the Galilean transformation and Snell’'s law of wave
refraction. Effects of the mean flow on the scattering process are examined. Numerical examples
show that, unlike the zero-flow case, there exists a honzero cross section at right scattering angles
for scattering from both velocity and temperature fluctuations. More importantly, the mean flow
may give rise to significant contributions to the backscattering from turbulent eddies, in contrast to
the zero-flow case and the previous results. 1897 Acoustical Society of America.
[S0001-496627)05107-2

PACS numbers: 43.28.Fp, 43.20.HCS]

LIST OF SYMBOLS Ke scattering wave vector in the moving medium
® transmitted acoustic frequency ki incident unit vector
c sound speed in the still air k/ incident unit vector in the moving medium
o' acoustic frequency in the actual scattering processy scattering unit vector
v med|um.movmg velocity . . ke scattering unit vector in the moving medium
v v/v—unit vector for the moving velocity _
k |k| | =wl/C
M v/c—Mach number K ; )
K incident wave vector ki |=w'lc
k/ incident wave vector in the moving medium 6,¢  polar angles for vectors
ks scattering wave vector
INTRODUCTION many situations, studies of effects due to nonzero mean flow

are needed. The reason is twofold. First, such studies provide

Over the years, there has been considerable interest w justification to the approximation. Second, there are cases
the study of acoustic scattering in turbulent media. This isvhere the effects of the mean flow can be a major concern.
not only because acoustic techniques are a powerful mean ta fact, how to extend the studies to scattering from moving
probe various turbulent environments, such as the atmaurbulent flows has been an intriguing and important prob-
sphere, the ocean, and rivers, but also the interaction betweésm, not only from the viewpoint of atmospheric acoustics
acoustic waves and turbulent media itself is an interestingwhere the wind speed is often comparable with the sound
long-standing, and theoretically challenging problem. Sincepeed in the air, but from the standpoint of ocean acoustics
the pioneering studies by BlokhintzévKraichnan? and  where the influence of flows on sound propagation and scat-
Lighthill® who considered the effects of velocity fluctuation tering poses a long-standing problem, e.g., the Doppler ef-
on sound scattering by turbulent media, further effort hadect.
been directed to this problem. A solution for sound scattering  The early theoretical investigation of sound scattering by
by turbulent media including the fluctuation of refractive in- moving turbulence was given by Clifford and Brolfirfol-
dex was first obtained by Batchetdrased on Kolmogorov’s lowing the work of Brown'® The situation they considered
homogeneous turbulence model. This result was later rectan be described as follows. A horizontally stratified turbu-
erived and improved independently by several otheillent layer is advected by wind with a constant velocity, and
authors, and the results are summarized in TataPskind is insonified by a sounder located outside the layer. The scat-
Ishimaru! and have been reviewed by Brown and Hallhe  tered signal is then recorded by a receiver which is also
research on sound scattering from turbulence has continuddcated outside the layer. The medium outside the layer is
to be active from both the theoretical and experimental asassumed to be stationary. Using Snell’s law for sound refrac-
pects. The more recent works by, for example, Clifford andtion, waves inside and outside the turbulent medium can be
Lataitis? L’Esperanceet al,'° McBride et al,'* Goodman'?>  related at the interface. Clifford and Brown derived a for-
and Noble and Ostachév,have shed further light on the mula for the sound scattering cross section of the moving
subject. turbulent medium. In their approach, it was shown that ex-

However, most previous studies are for cases of zergept for a modified angular dependence, basically there is no
mean flow. Although this may be a valid approximation for change in the form of scattering cross section. Their results
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to be constant. The echo returns along the direction aid
reaches the receiveRj. Here,k; andks denote the trans-
mitting and receiving unit vectors, respectively, i.gk;|
=|ks|=1. We note that the three vectorsk; , andk, are not
Horizontal interface necessarily in the same plane. The scattering volume is de-
fined as the intersection of the incident and scattered beams.
The interface between the advected medium and the sta-
R R tionary medium is assumed to be horizontal, as we can al-
4 ___ ways mathematically adjust the incidence direction to take
S e T into account the case of nonhorizontal interface. We set up

s K
i i ) two rectangular frames: one is associated with the acoustic
FIG. 1. A conceptual drawing of the acoustic scattering process. Shown 9

here is the sounder S and receiver R. The turbulent eddies are advected EySteTnS%‘ (stationary grou_nd fr?meand t_he other is mov-
the medium with a velocity. ing with the turbulent mediun”Z” (comoving. For conve-

nience we assume the axes of the two coordinate systems to

show that there are several important influences of the norP€ parallel to each other, respectively, with thexis being
zero mean flow on the turbulent scattering process, particpward. Clearly, two steps can be invoked to solve for the
larly at scattering angles where the zero mean flow turbusound scattering cross section as observed by the acoustic

lence cross section is small. The scattering pattern can thd§ceiving system. First, the scattering cross section is calcu-
be modified significantly. lated in the frame moving with the moving medium. Then

In this article, following the spirit of Clifford and the scattering cross section to be observed is obtained by a

Brown, we reconsider sound Scattering from a moving tur_proper transformation. For Convenience, in the fO”OWing all

bulent medium. The situation considered here is identical téhe quantities in frameZ” are primed. In addition, all quan-

Clifford and Brown’s. Using the Galilean transformation, we tities with a hat denote the unit vectors.

first write the incident wave in the frame that is comoving . L )

with the medium. Second, the refracted and incident Waveé' Scattering cross section in the comoving system

are connected in the comoving frame by Snell's law of re-  First we consider the scattering in the frame moving

fraction that requires the phase to be continuous across theith the medium (Z”). Morse and IngardChap. 11 in Ref.

boundary. We will then derive a formula for the sound scat-16) shows that the wave equation in this frame is identical to

tering cross section for a moving turbulent medium as ahat when the medium is at rest.

function of scattering angles. It will be shown that this scat-  The Born approximation leads to the wave equation near

tering cross section can be written in terms of the scatteringhe scattering region iz’ 27

function that would be obtained without mean flow. The ef- 1 Sc

fects of mean medium movement on the scattering cross sec- (v'2+k’?)p==V'p-V'pyg—2— V'?p,

tion will be examined by several examples in the context of p ¢

Kolmogorov’s isotropic turbulence theory. We will point out . Su

that due to the advection, there can be a significant contribu- -2V’ ( K;- e V’po) , (1)

tion to the backscattering cross section from velocity fluctua-

tion, in contrast to the zero mean flow case, and also differwherep is the mass density of the turbulent mediufag, is

ent from the result of Clifford and Brown. the propagation speed fluctuation caused by, for example, the
temperature variability, andu is the turbulence velocity

I. ANALYSIS fluctuation. Moreover, in the above

The scattering problem considered in this article is simi- ./ _ o’ @)

lar to Ref. 14, and is illustrated in Fig. 1. Here is shown a c’

turbulent variability embedded in a stratified medium ad'with ' being the acoustic frequency in the comoving sys-
vected by a mean flow with velocityassumed to be known. tem o pe determined later. Herp, denotes the incident
Note that although the mean flow direction is shown in the,5,e impinging on the turbulence, and is given by

figure to be parallel to the interfa¢eot necessarily restricted P

to the plane spanned iy andks, i.e., the reception plane Po=A(r")elk k' iw’t! 3)

the later development is also valid when the direction is no . . ;
parallel to the interface, which may be the case when thtrhe change of coordinates from the comoving systéfhito

turbulent medium is advected as a whole. In Ref. 14, Clifford N observ_atlon systemZ is given by the Galilean
. transformatiot®

and Brown actually considered the more general case when
the mean flow direction is at an obligue angefrom the r=r+vt, t=t’. (4)
interface.

We assume that the medium around the acoustic syste
stays still. The advected medium is insonified by a sounder

. . . . . _ (9 (9

S from the direction ok; . The acoustic frequency transmit vev, —-2_ v )

ted atS is w and, for simplicity, the magnitude of is taken ot ot

The corresponding spatial and temporal derivatives are given
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Interface Intexface

Incidence Scattering

FIG. 2. Wave refraction at the boundary. Here we consider scattering ix-thglane.

In de_r@ving Eqg.(1) and in what follows, the usual far-field w’=w(1—Mki~{;), (9)

condition is used. We further assume the turbulence to be . )

statistically homogeneous and isotropic. with M =v/c, the Mach number, angd=v/v, the unit factor
From the wave equation ifl) the scattering cross sec- N theldlrecuon of th? velocity. o _

tion per unit volume per unit solid angle in the moving co- Since the acoustic frequency is invariant when the wave

ordinates can be readily calculated using the procedure ouRropagates across the boundary, the refracted wave can be
lined in Tatarskii® and Goodman and Kemip.They express Written as
the scattering cross section in the atmosphere as pr’NeXIiik’%{ T —iw't), (10)

®1(K") whereki’ is the phase normal of the refracted wave, which is
TS invariant under the Galilean transformation, and the wave
number in the moving mediunk,, is found to be

, (6) K= w’

A A rs ~ A
o' (ki k)= 5 k(KT kéf[

(1+k! -kDE(K")
2c?K'?

whereK'2=2k’%(1—k/ -k.), k. is the unit vector denoting _ _ _ ,
the scattering directionp; is the correlation spectrum for which enters into Eq(6). At the interface, Snell’'s law states

the temperature fluctuatiol, is the energy spectral density that

of the turbulence, andl, is the average temperature. kAki A= k’ki’ A, (12)
wheren is an arbitrary unit vector parallel to the boundary

B. Scattering cross section as observed from the surface.

ground system Using the polar coordinates, the incident and refracted

The wave transmitted from the ground must passunlt vectors can be conveniently written as

through the interface between the moving and stationary me- k. =(sin 6, cos ¢, sin 6, sin ¢;, cos#é,),
dia, and then is scattered by the turbulent variability. The (13
scattered wave will pass across the boundary to reach the k{=(sin ¢/ cos¢;, sin 6/ sin ¢/, cosé/),

receiver. The process is shown in Fig. 2. The waves ms'dﬁvhereﬁis the angle relative to the upward direction, ahi

and outside the moving med’|um can be con_nected by Sne”f‘he azimuthal angle. The same expressions also hold for the
law of wave refraction. Snell's law of refraction takes a spe

. . .  scattering direction to be encountered later.
cial form at the interface between a fluid at rest and a moving In the polar coordinates, the boundary condition in Eq
fluid. We apply Snell’s law in the comoving system. (12) leads to ' ’

First transform all quantities into the moving frame.

Consider a unit incident wave described by & =i, (14
pi=exp(ikk;-r —iwt), (77 and
wherew is the transmitted acoustic frequenky; w/c. Using _ sin 6,
the Galilean transformation in E@), the incident wave can sin 6 BITERYIIESS (15
be written in the comoving system as (1=Mk;-v)
;L R This is generally different from the boundary condition im-
Pin=explikk;- 1" =i o"t’). ® plied by Eq.(14) in Ref. 14. For comparison, the result in
In this frame, the acoustic frequency is found as this reference is written out as
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sin 6/ =sin Hi(1+M&i’-f;). (16)  refracted by low speed wind with no significant change in
amplitude. For example, as pointed out by a referee, with
However, Eq(16) will reduce to Eq(15) whenv is parallel  pm=0.05 ands; =30 deg, the amplitude is only reduced by a
to the interface. Note that in Ref. 14,is not parallel to the  small fraction 0.008. From Eq21), it is clear that the quan-
interface; it makes an ang|g from the interface, as sug- ity k/.k! can be solved without resorting to approximations.
gested by their Eq(12) and Fig. 2. The critical angle for We note another ambiguity in Clifford and BrowhAc-
total reflection indicated by Ed15) is determined by it cording to Eq(25) in this reference, the backscattering in the
=1-Mk;-v, which can be solved numerically. Some specialground observation would imply that the scattering in the
cases for Eq(15) can be found in Refs. 16, 19, and 20.  moving medium is also backward. This can be seen by sub-
The similar relations can be found for the scatteredstituting 6= into their Eq. (25), which leads tog&,- &,
wave. Again, it is convenient to write the scattering unit= —1 with &, and&, being the unit vectors for the incidence
vectors in terms of the polar coordinates and scattering directions in the moving medium, respec-
tively. This is in conflict to the nonreciprocity for wave re-
(17) fraction in moving medidreferring to, e.g., Fig. 11.5 and the

k.=(sin 6, cos ., sin 6. sin ¢, cosa.). related text in Morse and Ingafd.

ﬁsz(sin 05 COS ¢, Sin O Sin ¢, COSb;),

Since the acoustic wavelength does not change in the scgf- piscussion

tering process, we have _ . _ .
In this section we consider a few examples to examine

kel =k |=K". the effects due to the mean flow. Although the above results
Under the Galilean transformation, we further obtain are valid for any scattering scenario, without losing general-
ity we focus our attention on a special case, namely, the
k’ direction of the flow is parallel to the plane spanned by the

|k3|:k3:1_ Mks-fz' transmitting directiork; and the receiving directioks (re-

) N ception plang For convenience we assume that the plane is
The following boundary condition for the scattered wave  the x-z plane. In this case, we hawg =0, and ¢ can be

AL A either 0 or ¢ depends on the sign of the component of
k'ks-n=kgks- N, (18 = ) )
ks. Furthermore, we take the conventional assumption that
leads to the turbulence can be described by the Kolmogorov isotropic
.7
b= b, (19) spectrum for® (K) andE(K):
and d(K)=0.0332K "3 (23
. and
. sin 6
Sin fg=——~—+. (20 E(K)=0.76C%€2*K 58 (24)
1-Mkg-v

Clearly. 8/ & and 8 & ¢ les for the incid where C; is the structure constant of the temperature fluc-
early, 6; ,¢; and 6,4 are true angles for the incidence tuation, € is the rate of dissipation of turbulent enerdy?

and scatte_ring, whered§, ¢; and 65, ¢ are apparent angles ~1.9 is a numerical constant. Equatiof%3) and (24) are
observed in the ground system. They are related through Eq&?alid for wave numbeK within the inertial subrange.

(14), (15).’ (19, and(20).. ) With Egs. (23) and (24), the scattering cross sections
To find the scattering cross section from H@), we from Eg. (6) can be written in the following form:

need to find the quantitl/ -k in terms ofk; andks. Using

Egs.(14), (15), (19), and(20), we have (ki k) =A(0,To,C3) (1~ Mk;-0) k| -k)?
- 1 X(1—k{ k() "%+ B(w,€,C)(1—Mk;-0)3
i Ks™= coA coA A A A A A A
(1-MKk;-0)(1—Mks- ) X (ki -kD2(1+k!-k)(1—k/ k)=, (25
X[sin 6; sin O coq ¢s— @) for the atmosphere turbulence, th;ri’e ﬁ; is related to the
~———— apparent incidence and scattering vectors through(EL.
~ (1~ Mk;-5)?~sir? 6] In the above equation, we have
X \[(1—MKg-0)%—sir? 6], 21 C2 [\
Ul =v) d G A(®,T,,C3)=0.0145—5 | —| ,
where T5\¢c
~ ~ . . 2_2/3 ® 1/3
ki s-v=sin §; s sin 6, cog ¢; s— ¢,)+COS 6; ; COS P, , B(w,€,C)=0.053——— (_) _
(22 c c
in which 6, ,¢, are polar angles for the unit vector Ac- Now we consider the influences of the mean flow on the

cording to Ref. 14, the scattering cross section as observed stattering process. We chooske=0.05 orv =17 m/s as an
the ground frame is obtained by substituting the above exexample. In order to take into account the case of nonhori-
pression into Eq(6). This implicitly assumes that the waves zontal interface, we consider two incident angles, i®.,
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FIG. 3. Normalized scattering cross sectigndue to turbulence fluctuation as a function of apparent scattering angle-& 0.05:(a) 6;= w/4, ¢;=0, and
0,=ml2, ¢,=0, i.e., the horizontal wind in the positiveaxis direction;(b) §;= /3, ¢;=0, andf,= /2, $,=0; (c) 6,=nl4, ¢;=0, andb,= /2, ¢,
=, i.e., the horizontal wind in the negatiweaxis direction;(d) 6,= w/3, ¢;=0, andd,= w/2, ¢,=. The scattering cross section is normalized by the
constantB(w, €,C).

=/4 andw/3. Here the sound speed in the air is assumed to
be 340 m/s. In Fig. 3 we plot the normalized scattering cross
section due to velocity fluctuatioro() as a function of ap-
parent scattering angled€ 6,— 6,) for four cases. Cas@)
corresponds to the case considered in Ref. 14. In these cases)
the scattering direction is represented g ,(#s), and ¢
equals 0(7r) when thex component ok is positive(nega-

tive). Figure 3 shows a few interesting aspects of the effects
of the mean flow on the scattering process.

1)

)

©)

(4)

756

Without mean flow, the scattering due to velocity fluc-
tuation produces nulls at the right angled=<(=/2) and
the backscattering angled€ 7r) to the incident direc-
tion.

The figure shows that the most important influences of
the mean flow are represented by the modifications of
the scattering pattern.

Although these influences are small for most of the scat-
tering angles, they take on great significance at angles
where the zero mean flow scattering cross section is
small; it is similar to what has been found by Clifford
and Brown*

In general, the null positions in the scattering cross sec-

(6)

J. Acoust. Soc. Am., Vol. 102, No. 2, Pt. 1, August 1997
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tion are shifted due to the nonzero mean flow; conse-
quently, there will be nonvanishing scattering cross sec-
tion at right scattering angles, unlike the zero mean flow
case.

The null positions can be shifted to either a larger or a
smaller angle, depending on the wind direction; when
the wind blows against the sounding direction, there are
two null positions in the scattering cross section: one at
an angle smaller thamr/2, and the other at an angle
smaller thans [Fig. 3(c) and (d)].

A striking feature associated with the scattering from the
velocity fluctuation is that the backscattering= =) no
longer vanishes, in contrast to the zero mean flow case,
and also different from the consideration of Clifford and
Brown *who showed that the nonzero mean flow has no
effect on the backscatteringefer to Fig. 4 in Ref. 1

The occurrence of this feature is because the apparent
backscattering does not appear to be strictly backscatter-
ing in the moving medium; that is equivalent to say, if a
wave that has been transmitted from the still medium to
the moving medium is reversed in direction, it will not
follow along the path of the initial ray.
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FIG. 4. Normalized scattering cross sectiep due to temperature fluctua-  FIG, 5. Total scattering function as a function of apparent scattering angle at
tion as a function of apparent scattering angléviat 0, 0.05:(a) 6= /4, M =0.05 for variousy values:(a) the incident angle is taken a= 7/4,
¢i=0, and 6,=w/2, ¢,=0, ie., the horizontal wind in the positive ¢ =0, while in (b) we taked,= /3, ¢;=0.
x-axis direction;(b) 6;= /4, ¢;=0, and6,= /2, ¢,=, i.e., the hori-

zontal wind in the negative-axis direction; The scattering cross section is

normalized by the constamt(w,T,,C3). C262/3TS

Y= C$C2

(7) The backscattering due to the velocity fluctuation can bd0 denote the strength ratio of the velocity and temperature
rather significant, especially for larget, i.e., larger fluctuations. In Fig. 5 we plot the total scattering cross sec-
slanting angles. tion against the apparent scattering afdte three typicaly

(8) Other than near backscattering, the feature of the effectédlués:y=0, 10, and 100. The wind is assumed to be hori-

of the mean flow is similar to what has been described irZontal along thex axis, andM=0.05. In (@), the incident
Clifford and Brown® angle is taken a®,= w/4, ¢;=0, while in (b) we take 6;

=7/3, ¢;=0. Here, we can see clearly that the backscatter-

Figure 4 shows the normalized scattering cross sectiofhg can be significantly enhanced by the scattering from the
due to temperature fluctuationr{) as a function of apparent velocity fluctuation. In particular, in caga) the backscatter-
scattering angle for two cases considered above. Here we sggy is enhanced by 10% foy=10 and the enhancement
again that(1) the nonzero flow motion modifies the scatter- becomes 100% fory=100. In case(b) the backscattering
ing pattern;(2) the scattering cross section no longer van-due to the velocity fluctuation takes about 33% of the total
ishes at right angles to the incident directid) at near backscattering, and this portion increases by ten times when
backscattering angles, the effect of nonzero mean flow i3 goes up to 100.
little; (4) the results in Fig. 4 are very similar to that obtained
L?orlfzfl.]elétlc,)(?r)]eth;;ull positions in the scattering cross sec-ly_ SUMMARY

perature fluctuation are located at one o

the null angles of that due to the velocity fluctuation. In this article we considered sound scattering from a

We also plot the total scattering cross section as a funcmoving turbulent medium. An analytic formula for the sound
tion of apparent scattering angle. As usual, we define a pascattering cross section was derived using the Galilean trans-
rametery a$ formation and Snell's law of wave refraction. The effects of

(26)
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Atmospheric turbulence is modeled as a collection of self-similar localized eddies, called turbules.
Turbulent temperature variation and solenoidal velocity structure function spectra and the
corresponding average acoustic scattering cross sections are calculated for several isotropic
homogeneous turbule ensembles. Different scaling laws for turbule strengths, number densities, and
sizes produce different power-law spectra independent of turbule morphology in an “inertial range”
of the spectral variablé&. For fractal size scaling and Kolmogorov power lavkK ~1¥3 in the

inertial range, not only do turbule strengths scale like the one-third power of the size, but also the
turbule packing fractions are scale invariant, as are the expressions derived for the structure
parameters(c%,cﬁ). The inertial range boundaries of the spectral variable and scattering angles are
easily estimated from the inner and outer scales of the turbulence. They depend weakly on turbule
morphology, while the spectra and cross sections outside the inertial ranges depend strongly on it.
Scattering at angles outside the inertial range, which occurs in practical cases, is much weaker than
predicted by the Kolmogorov spectrum. For Gaussian turbule ensembles, quasianalytic forms are
obtained for the spectra and scattering cross sections and for the structure functions themselves.
© 1997 Acoustical Society of Amerid&0001-496807)04108-9

PACS numbers: 43.28.Py, 43.20.HCS]

INTRODUCTION values cannot be derived. Even for isotropic homogeneous
turbulence, several different spectra are in common use; for

In both classical and quantum physics, scattering is vergxample, the Kolmogorov and von Karman spectrand
often described as scattering of waves by one or more pageneralizations and modifications by Tatarskilonin and
ticles. The particles may be the “fundamental” ones with Yaglom,5 Hill,® and Ostashewet al”’
which the waves interact, or they may be “quasiparticles” There are no “fundamental” particles with which sound
described by an effective interaction with the wave field andyaves interact. However, atmospheric turbulence has long
possibly composed of billions of the fundamental scatteringheen regarded as composed of eddies of many different sizes.
particles. For example, for many electromagnetic wavesimplicit in the eddy concept is the notion of localization, i.e.,
electrons and nuclei or ions may be taken as the fundamentah individual turbulent eddy involves fluctuations that go
scattering particles, while atmospheric aerosol particles argapidly to zero beyond some distance or “scale length” from
quasiparticles, described by their refractive index morpholits nominal center. This localization makes it a suitable qua-
ogy for wavelengths much greater than the average atomisiparticle. Localized turbulent temperature eddies, designated
spacing in an aerosol particle. “turbules,” have already been uséd.In this paper, we ex-

If the properties and distributions of the particles thattend the notion of turbules to include localized solenoidal
constitute a random medium are specified, then the statisticalrbulent flows as well, and we regard the turbulence as a
functions that determine wave propagation and scattering isuperposition of randomly located self-similar turbules hav-
the medium can be derived in detail, even for anisotropidng sizes ranging between designated inner and outer scale
and/or inhomogeneous cases. However, if a particle suldengths.

structure is not used, then the general behavior of the rel- In later work, we plan to utilize a turbule model to
evant statistical functions can often be inferred by othermchieve our main goal of predicting observed acoustic scat-
means. tering and its fluctuations by realistic anisotropic inhomoge-

Atmospheric turbulence is most often treated as a staneous turbulence. In this paper, we focus on a nontrivial and
tionary random medium for scattering and propagation ofessential first step: To ascertain whether a turbule model of
both electromagnetic and acoustic wa¥@sThe statistical isotropic homogeneous turbulence yields physically reason-
functions that determine the ensemble average acoustic scaible structure function spectra that can be matched to the
tering in Born approximation include the spectra of the tem-Kolmogorov spectra in a so-called “inertial range,” inde-
perature variation and velocity structure functions of the turpendently of turbule morphology. Also, we expect the model
bulence, among others. Conventionally, the general behavido yield expressions for the boundaries of the inertial range
of each of these spectra is inferred using symmetry arguand the behavior of the scattering both inside and outside the
ments, dimensional analysis, the fluid equations, and exeorresponding inertial range of scattering angles.
pected asymptotic behavibr? their detailed behavior and In Sec. I, we give a brief reprise of the conventional
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treatment of acoustic scattering by isotropic homogeneous K:k(f_ﬁ)_,Kzzk sin(0/2). (4)
atmospheric turbulence. In Sec. Il, we write down scalable oA o o
temperature variation and velocity potential functions and ~ Here,(r.,k) are the(observation, incidentirections, re-
scattering amplitudes for a single model turbule. In Sec. 111, SPectively,d is the scattering angle, witk-r=cosé¢, and

we derive general gxpres_si_ons .for temperature gnd velocity k=2m/\=wiC, c_=(yR0T_/M)1/2, (5)
spectra and scattering efficiencies for an isotropic ensemble _ o

of one-turbule systems, and we provide expressions andhereT is the average temperature ands the correspond-
graphs for two examples of comparable size but differentng adiabatic sound speed, witR, the universal gas con-
morphology. We show that an ensemble with members constant,M the molar mass of the atmosphere, arttie specific
sisting of a spherically symmetric nonuniformly rotating tur- heat ratio. Also

bule with randomly directed rotation axis may replace a gen- o

eral isotropic ensemble of one-turbule systems, and we ATO(r)ET—TO(r)—>J’ ATo(r)d3r=0. (6)
derive the minimal azimuthal dependence of the velocity

scattering for a given ensemble member. In Sec. IV, we cal- As usual, we assume solenoidal turbulent flow,

culate the incoherent scattering produced by an isotropig hp— V Vo= 0—Vy=V XAy, @)
mogeneous ensemble whose members contain self-similar

turbules of many sizes distributed uniformly in space. Wewhere A, is a vector potential field with dimension
assume that turbule number densities and their temperatuftength?time. Using this in Eqs(2) and (3), integrating by
and velocity amplitudes scale with size, and that sizes alsarts, and discarding the integral over the surface at infinity
scale according to a power law in the size index, from theyields

outer scale to the inner. Then we show that this turbule R Py Lo A

model of isotropic homogeneous turbulence indeed accom- fu(1)=(~ik™2mc)cos 6k xr) - Ao(K), ®
plishes what was conjectured above, and allows some davhere

tailed predictions that cannot be achieved by conventional . ~
treatments. We include graphs of typical example structure AO(K)EJ’ e"K'r'Ao(r’)d3r’—>'50(K)=iKxAO(K).
functions and their spectra; of the dependence of the inertial 9)
range of scattering angles on outer and inner scale size pa- . )
rameters; and of the differential scattering efficiencies for ~ Equations(2), (6), and(8) reveal that the conventional
some of the example spectra. In Sec. V, we provide a deBOrn approximation predicts no scatteringgat 90°, no for-
tailed list of results and a short discussion of future workWard temperature scattering, and no forward or backward
needed in order to predict acoustic scattering by anisotropit‘ebcny scattering for solenoidal turbulent velocities, inde-
inhomogeneous turbulence using turbule models. pendently of the morphology of the turbulerice.

B. Cross sections and spectra
I. SCATTERING BY TURBULENCE _ _ _ _
For isotropic homogeneous stationary stochastic turbu-

A. Scattering amplitudes lence with solenoidal velocity, the Born approximation en-
The conventional Born approximation far-field scatter-Semble average differential scattering cross sectidimsen-
ing amplitudef(f) (dimension, lengthfor scattering of an Sion, areaare given by?

incident acoustic plane wave of angular frequeagyvave- a(f)=or(F) + o, (F), (10)
length\ by stationary atmospheric turbulence is given by the ’
Monin® results where
f(F)="f(F)+f,(F), (1) a1(F)=(|T+(1)|?) = (K%47T)2 cog 6dT(K), (11
where o, (F)=(|f,(F)|?)=(k¥2mC)? cod okk®Y(K). (12)
fr(F)=(k¥4mT)ATo(K)cos 6, o Here
£,(F) = (— k2I2mC)k-Vg(K ) cos 0 OT(K)=(|ATo(K)[?), (13

are the(temperature, velociyyamplitudes, respectively, and cpivj (K)=(voi(K)D o,'(K)>: (8- kikj)F(K) (14

are called thetemperature, velocijyspectra, respectively;

T — —iK-r’ 1\ {3y
ATO(K)_J’ € ATo(r")d™r", (®T,F) are functions ofK. The last equality in Eq(14)

©) follows from Eg. (9) and the isotropy requirement that
VO(K)zf e K yy(r)d3r (Agp(K)AZ,(K)) must equald,, times a function ofK for
an otherwise unrestricted vector field.
are the Fourier transforms of the turbulettemperature The standard treatment due to Kolmogorov finds by di-

variation, velocity fields (ATg,vg), respectively, with the mensional analysis that temperature and velocity structure
spectral variablé< (dimension, inverse lengthin Egs.(2)  functions should be proportional 3% over some range of
and(3), r’ is an integration variable, and r called the inertial range, wherreis the distance between
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any two locations m_spaf:"e.Assu_mlng (incorrectly of PT(K)=a%|T(Ka)|2)==3a%sT)2B 2(Ka), (22)
course that this proportionality is valid for all, the follow- _
ing expressions, called the Kolmogorov spectra, are easilwhereB+(y) is a dimensionless function gf=|y|, and 6T
obtained: is a temperature variation amplitude. The factet is in-
T 20 -11/3 cluded for convenience.
P (K)=8.19-CiK ’ (15 For an isotropic ensemble, each component of an other-
DY (K)=(8;— Rikj)(15.1VTC5K‘”’3), (16)  Wise unrestricted stochastic vector field must be statistically

o > independent with zero mean, and must obey the same statis-
where the coefficients@r,C;) are called the structure pa- tics. Thus we may put

rameters, and/; is the volume containing turbulené@. _
(Ai(y))=0,

(AAF (y) =378 B2(Y),

We define a stationary turbule as a localized eddy or _
vortex, characterized by a locatidn a scale lengtl, and ~ WhereB,(y) is a dimensionless function ¢f v is a velocity
flow Ve|0city and temperature variation f|e|d\%(ATO) that amplitude, andn-3/3 is introduced for convenience. It is im-
go to zero very rapidly fofr —b|>a. We treat the location portant to note that Eq23) yields the usual form for the
and the morphological parameters in the fields as stochastigirbule velocity spectrum as defined by K@) for isotropic
variables. We also assume that the flow velocity for eachiomogeneous turbulence with solenoidal velocities:
turbule is solenoidal, as in Eq7). We take the functional ~ - ~
forms of (Ay,AT,) for a singleajtl)erule as O} (K)= (8~ KiK;) (m°a%%3)(Ka)?B j(Ka) ~ (24)

(23
Il. TURBULE MODELS

Ao(r)=aA(d), ATyr)=T(§, &=(r—b)la. (170 thatis, a projection ofK times a function oK. We shall
call the functions(B+(y),B,(y)) “envelope functions.”
‘T‘?uey will be localized functions of, just as the scaled tur-
bules of Egs(17) are localized functions of.

These are general scalable forms, chosen for convenience
that the functionsA(£),T(£) have the dimensiofvelocity,

temperaturg respectively, they may have arbitrary morphol- The ensemble average differential scattering efficiencies

ogy, as long as they go to Zero rapidly f@ﬁ|§|.>1' . for the isotropic ensemble follow from the definition
We shall need expressions for the scattering amplitudes

of an individual turbule in terms of the scaled functions  (f)=0o(f)/ma2=Q(F)+Q,(f), (25)
[A(&),T(&]. A little algebra, starting with Eqg2), (3), and
(8), yields the following expressions for the scattering am-where Eqs(4), (10—(12), (22), and(24) yield

plitudes of a turbule localized aroume- b: — . — ~,
Q(f)=o1(r)/ma?=(5TI4T)?(ka)* cog 6B %(Ka),

fT,U(F!b):e_iK.bfT,v(F)! (18) (26)
where L Qu() =0, () ma?
N (1243 _
Fr(r)=(kaidmrT)cos GT(KAa)’ N 19 =(v/2c)?(ka)® cod 6 sir? AB%(Ka). (27
f,(F)=—i(k%a*2mc)cos A(kxr)-A(Ka) (20

These expressions exhibit no dependence on the azimuthal
are the scattering amplitudes for the same turbule With scattering anglep, as expected for isotropic ensemble aver-
=0. Here the scaled Fourier transforms are defined by  ages. They also reveal that the member turbules of an isotro-

_ _ _ . pic ensemble, which individually may have arbitrary mor-
T(y)=J T(§e'éY d3¢, A(Y)Zf A(He'FY di¢. phology, may be replaced by member turbules of very high
(21) symmetry. First, each member turbule could be characterized

) ) . ) by a spherically symmetric temperature fid@l¢¥), which by
These have dimensiorieemperature, velocily respectively; Eq. (21) yields a spherically symmetric and real-valued

the variabley is an arbitrary dimensionless, real vector- = ; ; -
T h Eq(22). f
valued variable that will be set equal ik in applications. T(y) and thus determiney(y) according to Eq(22). So i

B1(y) is chosen, the (&) is determined: We need only one
such member turbule for a given scale length. Second, for

IIl. SCATTERING BY INDIVIDUAL TURBULES the velocity, consider the choice
A. Isotropic ensembles A(f):aﬂf(f)ﬁx(y):aﬂ?(y), (29
1. General with © a constant vectotdimension, inverse timehaving

It is clear that for a turbule of arbitrary morphology, the random direction in 4 ; (y) is real valued. Then
average of its temperature field over random orientations is 2
; . . ~ 0,0)=6:Q°13, (Q;)= 2
spherically symmetric, as is the average ®fy) and (€)= ;073 (Q)=0 @9
|T(y)|%. Using Egs.(13), (17), and(21), we may thus write  and, if we choose

the temperature spectrum for an isotropic ensemble turbule b, g
as () =="By(y), Qa=v, (30)
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then we get Eq(23) immediately. Now, consider the physi- 10°
cal significance of the choic&8). With Egs.(7) and (17)
this yields

Vo= QX (r—b)(— & ' (¢)), (31

a velocity field corresponding to nonuniform rotation of a
spherically symmetric structure about an axis alofly
through the poinb. Clearly, Q corresponds to a randomly
oriented angular velocity of magnitudea.

Therefore we may conclude that any isotropic ensembl
of one-turbule systems whose members have arbitrary mo
phology may be replaced by an ensemble of spherically sy
metric nonuniformly rotating one-turbule systems with ran-
domly directed rotation axes. That is, the replacemen
ensemble produces the same temperature and velocity spe
tra as the original ensemble, and thus the same ensemk
average scattering efficiencies.

-
e
E

=
<
S

Differential Scattering Efficiency
3 3

_.
<2
L

10°

0 30 60 90 120 150 180
2. Comparab/e turbules Scanering Ang|e' degrees

The only freedom left in isotropic ensembles is the
choice of the envelope functions and the amplitudesF'G- 1. Differential scattering efficiencies for an isotropic Gaussian tem-
(5T,v). We need to be able to compare the scattering proP®raire turbule ensemble.
duced by isotropic ensembles of the same scale length but
different envelope func.tions. Since the am_plitudes are adjust- Q_U(f): L(v/2¢c)?(ka)® sir? 6 cog 6
able, we may normalizeB;,B,) as desired; for conve- )
nience, we choosé xexd —(ka)“(1—cos f)]. (37)

ET(O)ZEU(O):L (32 Thesg functions are plotted in .Figs. 1 and 2 as functions
) _ of scattering angled for several different size parameters
We define comparable turbules to be those having the SaM&a), normalized to unit values obT/T and v/c. These

“rms radius” Rys. We define this by writing expressions yield exactly the same dependence of the scat-
5 o o 5 5 tering on 6, k, and a as the expressions in Ref. 7 for a
Rims=a j §°B(§)d°¢ f B(§)d¢, (33 Gaussian spectrum of temperature and wind velocity fluctua-

where B(¢) is_the inverse Fourier transform (ﬁ(y). We
will also takeB,(y)=B+(y) for convenience, which makes

Rims Well-defined. 10° "
In Sec. IV, we shall show that for isotropic ensembles ::a= 15
having different envelope functions, with each ensemble 1o . - ka=10

member containing many self-similar turbules of many dif-
ferent scale lengths, the amplitudes may always be adjuste
to produce the same scattering over some range of scatteril
angles.

-
<
S

3. Examples

a. Gaussian envelop&or convenience, we let

..
<2

Br(y)=B,(y)=B(y)=e Y%, (34)

Such forms have been used in the literaftit&quation(33)

Differential Scattering Efficiency
)

then yields 107

Rims/@a=3/2. (35 Y |]
The Born approximation ensemble average differential scai 10—60 3'0 6'0 90 150 1;,0 180
tering efficiencies follow from Eqg26) and(27): Scattering Angle, degrees

Q+(F)=(5T/4T)%(ka)* cof ¢
FIG. 2. Differential scattering efficiencies for an isotropic Gaussian velocity
X exd — (ka)?(1—cos )], (36)  turbule ensemble.
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FIG. 3. Total scattering efficiencies for isotropic Gaussian turbule en-FIG. 4. Differential scattering efficiencies for an isotropic exponential tem-
sembles as functions of size parametar perature turbule ensemble.

tions. That is, a Gaussian envelope function for an isotropic B o[ ey 3

ensemble of one-turbule systems of a single scale length is B(§)=(2m) f e*IB(y)d%y

the same as a Gaussian spectrum for isotropic turbulence of a 3 ot

single scale length, as would be expected. =(a”/32m)(1+af)e . (42)
The total average efficiencies are given by the integral

SThe factor (L+ is necessary to ensure that the velocit
of Egs.(36) and (37) over 4 solid angle. A little algebra (It @) y y

field is bounded at€=0. Equationg33) and(35) yield

yields

Q=27 STIAT) [ (x— 2+ 2I) — e~ 2X(x+ 2+ 2Ix)], Rims/a=/18la— a= 12 (43

(38 in order that the exponential and Gaussian model turbules
O = (47/3)(0/20)2X[ (1+ e~ 2X)(1+ 12/k2 have the same effective size.
Qu=(4ml3)(vize) X[ (1+e =) ) The ensemble average differential scattering efficiencies
—(1—e Z)(5ix+12K3)], (39  then follow from Eqgs(26) and(27):

WhereXf(ka)z. . - Q_T(F):(5T/4T_)2(ka)4

In Fig. 3, these functions are plotted verdues for unit
values of ST/T andv/c. For smallka, these efficiencies X cos f[1+g(ka)*(1—cos6)]~°, (44)
reduce to —

_ — A Q,(F)=3%wv/2c)?(ka)® sir? 0

~(4m/3)(5T/AT)(ka)®,
Q_T ( ) ka) (40) X cog O[1+ i(ka)?(1—cos )] C. (45)

~4(87/15)(v/2c)?(ka)®.
Qu=3(8m/15)(v/2c)"(ka) Note that these are the same as the Gaussian re36its

The quite different dependence &a is striking: If (6T/T)  and(37) for smallka; our normalizationB(0)=1 ensured
~(v/c) then(Q,) is much smaller thaQr) for small  this. These efficiencies are plotted in Figs. 4 and 5 as func-
ka. For very largeka, both efficiencies are proportional to tions of 6 for several size parameteks, for unit values of
(ka)?, as can be seen easily in Eq88) and (39). As is  §T/T andu/c.

well-known, the Born approximation fails in the limit of ar- Analytic results for the total efficiencies verska are
bitrarily largeka; the actual total scattering efficiencies must quite lengthy, so we do not quote them. The limits for small
be independent dfa in this limit. This means that the Born ka are of course the same as the res(#® for the Gaussian
approximation should not be used to describe the scatterir@nvempe_ The exponential model curves in Fig. 6 were ob-

by very large scale turbules. tained from analytic forms of integrals of Eqg4) and (45)
b. Exponential envelop&Ve let as found by Mathematic®.Just as for the Gaussidar any
= = = _ other mode), for very largeka, the total efficiencies are
Br(y)=B,(y)=B(y)=(1+y%a?) 2, (4) o Y larg

proportional to ka)?; this is a generic defect of the Born
wherea is a parameter to be adjusted. This corresponds toapproximation.
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FIG. 5. Differential scattering efficiencies for an isotropic exponential ve-
locity turbule ensemble.

B. Individual turbule model

We include this in order to illustrate the azimuthal de-
pendence of the velocity scattering from even the simple
model turbule having a solenoidal velocity field, which is of
the type given by Eq(28). We write Q in terms of its polar
and azimuthal anglesd, ,¢q),

ﬁ=e1 sin A, COS @ +€, Sin g Sin g +e;3 CoSfg,

10°
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Q
%

=
<

=
<
"

Velocity
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Total Scattering Efficiency

=
<

_.
<
2

3 4
Size Parameter

2
FIG. 6. Total scattering efficiencies for isotropic exponential turbule en-
sembles as functions of size parametar
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S

where theg are the Cartesian basis vectors, and we ch&ose

in the z direction, and use
F=e, Sin # cose+e, sin § sin ¢+e; cos b,
plus Egs.(21) and(20) andQ,=|f,|?/7a?, to get

Q,(F)=(ka)8(v/2c)? sir? 6 cog 6 sir? b, Sirf(e—@q).
(46)

This is not only zero atd=(0,7/2,7), but also if 6,

=(0,m), that is, when(} is along thek direction, and also if
¢=¢pq* . This strong azimuthal dependence already re-
sults from the simplest possible turbule with solenoidal ve-
locity. If we average over random directions &Qf, using

2 T
(47)7lf0 dQDQJ’O deg sin HQ[S”'IZ Oq Sinz(QDQ_QD)]

_1
3

of course we get Eq27) for the isotropic ensemble.

IV. SCATTERING BY ISOTROPIC HOMOGENEOUS
ENSEMBLES

A. General

Here we model isotropic homogeneous turbulence con-
rtained in a volumeV; as an isotropic homogeneous en-
semble of many-turbule systems. Each system contains self-
similar stationary turbules of arbitrary morphology and many
different scale lengths, located randomly but uniformly in
V1. On the average, in each system we alldyvturbules of
scale lengtha,, a=(1,N), whereN is the total number of
different scale lengths in the system, so thgt=2_,N, is
the ensemble average number of turbules per system in vol-
ume V;. We regardN, and N as fixed in this paper. We
definea, as the largest scale length in the system, agas
the smallest; these lengths define the outer and inner scales
of the turbulence, usually designatedlasandl,, respec-
tively. Each turbule is represented by the general localized
scalable fields of Eq€17). The total turbulent fields in each
system are each just superpositions of the fields ofNhe
constituent turbules.

For our purposes we do not need to provide a detailed
derivation of ensemble averages. Instead, we simply use the
known result for scattering by collections of randomly
placed particles: The total scattering is incoherent, except
near the forward direction. Therefore, the average total scat-
tering cross section is just the sum

Nt N
?<F>=n§1 o_r,(F):;l N0 o(F) (47)

except for a narrow cone near the forward direction; the
largerV+, the smaller that cone. The second equality follows
because the isotropic ensemble average cross section for
each turbule of sizer is the same. This equation also applies
separately for the temperature and velocity cross sections.
We will not calculate forward or very near forward scatter-
ing, which we already know approaches zero.
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It follows immediately that the spectra also sum inco-whereC is a constant. That is, the rate is proportional to the

herently, except nedf=0: number of turbules of siza, in V1, the volume of each, the
N N kinetic energy per unit massg’/2 of each, and the character-
®T(K)= 2 Na(DZ(K)l @ (K)= Z N @Y% (K). istic rate of tra(_rrl,sfeva/aa.. .
a=1 a=1 Requiring #¢, to be independent od, and using Eq.

(48)  (51) yields

Using Egs.(22) and (24) for the isotropic ensemble of B=3v+2. (58)
one-turbule systems, we obtain _ o
N In the atmosphere, the ratip&T,|/T anduv,/c are usu-

(49) ally of the same order.This implies that our turbule tem-
perature variation amplitude$T , should be proportional to
v,, Whereby Eq(51) yields

v=v. (59

OT(K)=m 2 N,ad(dT,)?B F(Ka,),
a=1
©f (K)=(8;~KiK))
N
><(7r3/3)‘;1 Noagui(Ka,)?Bj(Ka,). (50) C. Spectra and cross sections

The ensemble average scattering cross sectiongriot 1. General forms

near 0° are then obtained by using these in E@$) and We insert the scaling relatior$1) into Egs.(49) and
(12. (50), and convert the sums to integrals, using
N
N ay da da
~| d =f , —=—nua;%ltq
B. Scaling Zl e a da/de’ da K
60

In order to describe the complete ensemble, we assume ) o (€0
that the quantitiesN,,AT,,v,) scale witha,. We put where the last equality results from E&S). This yields

N, (af [(ST.\ (al? (v, (&’ ®T(K)=(m®Ny(8Ty)%af w)x P1Ip _i(mxx),  (61)

N lay (5T1‘a_1 ' (v_l‘a_l

O} (K)=(8;—KiK;)

where(B,y,v) are parameters to be determined. In addition, ><(7T3va§af/3,u)x‘PvJ’,;UH(mx,x), (62

we must decide how to relate the scale lengths to the index i

«. One relation that has been usetfis where (n, ) are defined by Eq€$52) and(53) or Egs.(54)
and(55), and the quantitie3™* and (P+,P,) are defined by

a,=a,e e b 4>0, (52 )
wherep is a parameter that is determined Ky the number J&Y(mxx)= fmxdy yBZ,(y), x=Kay, (63
of scale lengths, and the ratiay/a;) of inner to outer scale
lengths: P;=P,=P=6+2v—3—q=4—-v—q, (64)
u=—(N—-1)"tIinm, m=ay/a;. (53 where Eqgs(58) and (59) were used and is an index that

may beP:—1 or P,+ 1. If we regardK as an independent
Fourier transform variable here, thén=Ka;, mx=Kay)
are the(outer, inney scale size parameters of the turbulence,
a,la;=agla,=---=e ~ (54  respectively.

It is important to determine qualitatively how the inte-
gral of Eq.(63) depends ong,m,x). In all cases, the enve-
lope functionsB %U(y) are bounded for af and go to zero

The relation(52) implies that the scale lengths from a geo-
metric sequence, in which

This is a kind of fractal scaling.
A general power-law scaling relation is given by

a,=ay(1+qu(a—1)"", >0, >0, (59 rapidly for largey, because individual turbules are localized.
where hereu is determined in terms ofng,q) by Thus fors=1 the integrands are peaked functions and are
1. g negligibly small for 0<y<y,_ andy>y¢, , where the val-
p=q (M A=1)/(N=1). (56) ues ofy.. are dependent on the particular forms of the en-

Equations(55) and(56) actually reduce to Eq$52) and  velope functions and the index It is clear that the integrals
(53), respectively, whem— 0, so in what follows we may are essentially zero for=ys_ or mx=ys, , and also that
use just Egs(55) and(56) with q=0. We will also make use
of the Kolmogorov concept of energy transfer in fully devel-
oped turbulencé? in which the kinetic energy transfer rate Xmin=VYs+ <X<Ys_ IM=Xmax-
(dimension energy/timefrom eddies of scale length, to 65)
the next smaller is the same for all sizessa<N—1. By

dimensional analysis and from the fluid equations, this rate ighus &min.Xma) are effective inertial range boundaries on
the dimensionless variable=Ka, . For this range ok, Egs.

Zka=(C)(N)(a) (v2) (v4/ay), (57 (61) and(62) show that the spectra have a common power-

JIV(mx,x)~JI(0)=const,

765  J. Acoust. Soc. Am., Vol. 102, No. 2, Pt. 1, August 1997 G. H. Goedecke and H. J. Auvermann: Acoustic scattering 765



law dependence P, with P given by Eq.(64), indepen- 10°
dently of the detailed form of the envelope functions. For the
transition regiony;_ <x<y, andys_ /Imsx=<yg, /m, the

spectra depart markedly from the power law.

Gaussian

= = = Exponential
10° |
2. Kolmogorov spectra

We can match Eq961) and (62) to the Kolmogorov
spectra of Eqs(15) and(16) in the inertial range, by choos-
ing

P=4%-v=3-q, B=3(1-q), (66)
where Eqs(58) and (64) yield the last equalities, and then
identifying the following expressions for the structure pa-
rameters:

C2=(3.78/u)(N,a3/V1) (8T, 1a1)2384(0),  (67)

10}

107"t

Normalized Temperature Spectrum

C?=(0.68/u)(N1a3/V1) (v, /a1?)234,40). (69)
10

If the fractal length scalingj=0 of Egs.(52) and (53) is 10° 10° 10*

used, thenv=1/3, the standard result; that is, E§1) shows Outer Scale Size Parameter

that (5T, ,v,)>a’?, and also thaN,a=const, i.e., that

turbule packing fractions are scale invaridhfThus forq  FIG. 7. Normalized isotropic homogeneous ensemble temperature spectra
=0, the factors '@1af/VT , 5T1/ai/3,vllai/3) are also scale for m=10"2 as functions of outer scale size paramétey.

invariant, and therefore so are the expressions(ﬁ)rand _ ~

Ci; this is not the case for power-law scaling wijk 0. the envelope functionB(y). Changes in th@(y) irreduc-

ibly influence only the boundarie¥ (i, ,Kmay Of the inertial
range and the behavior of the spectra and the scattering cross

sections forlK outside the inertial range.

3. Morphology dependence

It is important to examine the effects of changing the
turbule model envelope functior® 2(y) that appear in the 4. Examples
integralsJg(mx,x) of Eq. (63).

We may change an envelope function in two nontrivial ~ Eduations(34), (41), and(44) considered two example

ways (an amplitude change is trivial; see Sec. Il A Dne envelope fuqct|ons, a Gaussian and the Fourier tra_nsform of
= an exponential, that have the same rms turbule radii for each

Xvay 'S to” replaceB(y) by_the sam_e .funct|_ons of a a, . For the quasi-Kolmogorov spectra, with=11/3 in Eqgs.
stretched” argumentB(y)—B(yy). This is equivalent to . :
. ; 1) and (63, we consider the normalized spectra
changing the spectrum of scale lengths in the ensemble, su .
1(X),F,(x)] defined by

thata,—a,=vya,, and altering §T,,v,) appropriately to
keep the same values &fT(K),®f; (K) in the inertial range. Fr(x)=x"33g,5(mx,x)/Jg5(0),
iI'BSl,JtEt(;\Se.(téc;)ur;?]zr(lgz)c;fi;hde inertial range will be shifted; that F,(X)=x"133, ,mx,x)/J 104 0), 3
r_ ' ro_ in which we use the same envelope functi@(y) for both
min=Ys+/81=Kmin Y, Kinay™Krmaxl . (69 temperature and velocity spectra, for convenience. These
Outside the inertial range, the spectra will be changedfunctions are the factors that determine the boundaries of the
However, y cannot be chosen much different from unity, inertial ranges oK and the behavior odDT(K),d)}’J-(K) out-
because then, for example, the largest turbules would haveside the inertial ranges. From E@3), we have for the ex-
much different linear extensiom; than the presumed known ample envelopes
outer scale length of the turbulence. «
Another way is to replace a chos&gy) by a different Jg(mx’x)zj dy ySe*YZ,
functional formB’(y). Clearly this will change the bound- mx (71)
aries of the inertial ranges, in general, but inside the inertial X
ranges, 6T,,v;) can be altered to preserve the previous Jg(mX,X)ZJ dy y¥(1+y%/12)~5,
values of the spectra. Outside the inertial range, the spectra m
will be changed. Again, the different functional forms shouldwhere @,e) stand for(Gaussian, exponentjalrespectively.
be chosen to have comparable length scales, for example, tidese integrals were evaluated analytically and numerically
same rms radii for each index, in order to represent the for s=(8/3,14/3) and fom=ay/a;=(10"3,10 %), which
same known outer and inner scales. are realistic values for the ratio of inner to outer scale
Therefore we may conclude the following: The power- length!®
law spectra in the inertial ranges are completely insensitive  Figures 7 and 8 are plots d¥$ and F§ vs x for m
to all changes in turbule morphology, that is, alterations of=10"2 and 104, respectively; Figs. 9 and 10 are plots of

(70)
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FIG. 8. Normalized isotropic homogenous ensemble temperature spectra fe1G. 10. Normalized isotropic homogeneous ensemble velocity spectra for
m=10"* as functions of outer scale size paraméddey. m=10"* as functions of outer scale size paramdtay.
Expressions for scattering cross sections corresponding
F9 andF¢ vs x for m=10"3 and 104, respectively. The to these examples are obtained by combining Etf, (12),
plots of course coincide in the common portions of their(61), (62), (67), (68), and(70). We get
inertial ranges, where their slope is (1/3) on these log-log
plots. But the exponential and Gaussian envelopes yield Qr=o1/A,=cos 6F(x), 72
slightly different inertial range boundaries, quite different
behavior forx>xa, and the same behavior but different ~ Q,=0,/Ar=c0S 8 coS(6/2)F (),
values forx<x,,,. Here approximate values for the effective where
inertial range boundaries,,,, and X, for each curve are
evident from the plots. Ar=0.05L2k*Val’¥T2,  A,=0.38C2k*V alc?.
(73
Note that A1 ,A,) have the dimension of area, so the quan-
tities (Qt,Q,) are “scattering efficiencies” analogous to
those defined for individual turbules.
Gaussian Given values for inka;), we can use x
=2ka; sin(6/2) to calculate inertial range boundaries
— — — Exponential (Bmin:fmaxd ON 6, putting either or both equal to 180° if
1 x/2ka;=1. Figure 11 is a plot 0B, and 6,4« VS ka,; for
m=102 and Xpin~2.4, Xma=900, the values from Fig. 7
for the Gaussian temperature spectrigs 8/3). Figure 12 is
the same for,i~2.9, Xnax=1400, the values from Fig. 9
for the Gaussian velocity spectrure=f 14/3). These figures
show that for manyka, the inertial rangef,n=<60< 6.y IS
significantly smaller than the full range &°9<180° of
scattering angles.
] The (XminXmay Values may also be estimated analyti-
\ cally by solving fory.., the values ofy at which the inte-
\ grands of Eq(71) fall to saye™ ! of their peak values, and
\ using Eq.(65). Alternatively, we could defing/;. as the
\ points at which the slopes of the integrands change most
rapidly.

In order to exhibit in detail how inertial range bound-
aries can influence the scattering, in Fig. 13 we [étvs 6
FIG. 9. Normalized isotropic homogeneous ensemble velocity spectra fotc'r t[]e Gaussian envelope functions in Eq1), for m
m=10"2 as functions of outer scale size paramétar . =107 a;=10m, and two wavelengths\;=10m,
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=
Q
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FIG. 11. Inertial range scattering angle boundaries for isotropic homoge
neous Gaussian temperature turbule ensemblesmiti0~2 as functions
of outer scale size parametea, .

FIG. 13. Differential scattering efficiencies for the Gaussian turbule tem-
perature spectrum compared to those for the Kolmogorov spectrum for
=102 and different outer scale size parametess.

N,=0.02 m. In Fig. 14 we do the same fQt, . Note that the DT(r)={((ATo(r;) —ATo(r,))?),
scattering for@ outside the inertial range is significantly less
than would be predicted by the extended inertial rangd/sing Egs.(3) and(13), we get easily
curves(dashed This is the case in general.

Finally, in order to obtain the temperature structure
functionDT(r) from the spectrun® (K), we start with the

r=lri—r)]. (79

DT(r):(wsz)—lj:dK K2< 1-— %)@T(K). (75)

definition Using Egs.(61), (63), (66), and(67), we then get
200 ' ' ' ' \ ka, = 6.283 turbule ensemble spectrum
. - =—-— ka, =6.283 Kolmogorov spectrum
& N 10° _\, = = = ka, =3142. turbule ensemble spectrum |
4 | N kay = 3142. Kolmogorov spectrum
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FIG. 12. Inertial range scattering angle boundaries for isotropic homogeFIG. 14. Differential scattering efficiencies for the Gaussian turbule velocity
neous Gaussian velocity turbule ensembles with 10~2 as functions of  spectrum compared to those for the Kolmogorov spectrurmfer10~2 and
outer scale size parametea, . different outer scale size parameté, .
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FIG. 15. Normalized structure function for an isotropic homogeneousFIG. 16. Normalized structure function for an isotropic homogeneous
Gaussian temperature turbule ensemble with10 2 as a function of nor-  Gaussian temperature turbule ensemble with10™“ as a function of nor-
malized distance/a; . malized distance/a; .

DT(r)=a2°C2l4(¢), ¢é=rla;. (76)  Ym~0.35, then for¢ such that{¢<y, and &/m>y,,, this
should occur.

Here ¢ is a normalized distance in units af, andl (&) is a As a check, using

dimensionless structure function, defined by

o 3 ©
® ~51314 _ A=Yy _ > 1B3a—y212_
(6= (\IE0m)) 6% dz 2 1-2 2 sin) J oy y=ta-e =3 Jay v 62
° (81)
X g m7¢,2/€) (77 we get from Egs(79) and(81) that I (&) = (1.00)¢23 in the
with inertial range, as expected.
The velocity structure function is defined by
— 531 _ 5—1 i — v —
A—fo dz z7H1-2""sin2)=1205. (78 D} (N=((v0i(r) ~voi(r2)(wei(r) ~vai(r2)). (82
From Eq.(76), we see that+(¢) should equal jusg?® ~ USing Eas.(3), (14), (62), (63), (66), and(68), we get
in the inertial range sincB+(r) should equalC2r?? there. DY =(11/3a2°C2l ,(£) 83)

In the Appendix, we show that, for the Gaussian enve-
lope function(34), the expressioli77) reduces exactly to for the trace of Eq(82), where

m — (AT (0oo))-1£203
re=0622% [ May ya—em. gy OTMAOE)

o sin z

The integral here involves incomplete Gamma functions. X fo dz z 5/3(1_ T) udmzézle)  (84)
In obtaining the log-log plots of Figs. 15 and 16 tgf &) for ) . ) ) ) .
m= (103,104, respectively, these functions were evalu- 1S & dimensionless velocity structure function. Siixg(r)
ated USINGVATLAB . should equal (11/3)r?in the inertial rangé,| ,(£) should

These plots clearly reveal the inertial ranges and th@qual£?* there. _ _
correct asymptotic behaviors of these dimensionless struc- FOr the Gaussian envelope functi¢d4), the method
ture functions. From Eq(79), their asymptotic limits(for ~ used in the Appendix fof(¢) yields
m<1) are

IT(§)§:OO.233n‘4’3§2, I7(£),~,0.932. (80)

The inertial range of in Eq. (79) corresponds to those val- (89

ues ofé& for which the limits on the integral may be changed As a check, putting— 0, ¢/ m—c in the limits of the inte-
from (¢&,&/m) to (O,0), respectively, with negligible error. gral for the inertial range and using E(1) yields I ,(¢§)
Since the integrand in Eq79) is peaked with a maximum at = 1.00¢?® there, as expected. Figures 17 and 18 are log-log

&m
| U(g) = 0_50&2/3] dy[ysla(l_ e7y2/2) i %yl/3e*y2/2]_
&
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oriented self-similar turbules of many different sizes, in
which number densities and temperature and velocity ampli-
tudes of the turbules scale with size, and sizes scale accord-
ing to a power law in the size index. We derived expressions
for the ensemble average acoustic scattering amplitudes and
cross sections for several turbule ensembles.

The principal results are in Sec. IV, where we showed
that

(i) The temperature and velocity spectra of the turbu-
lence and the associated acoustic scattering cross sections
have a power-law dependence for some range of the spectral
variableK.

(i) The boundaries of this so-called inertial range are
slightly dependent on the model turbule morphology, and
can be estimated easily.

(iii) The behavior of the spectra and the scattering out-
side the inertial range depends on turbule morphology,
weakly for smallK but strongly for largeK.

(iv) In the inertial range, the spectra and the associated
scattering cross sections are independent of turbule morphol-
ogy. For example, it makes no difference whether the expec-

FIG. 17. Normalized structure function for an isotropic homogeneoustation turbule shape is Gaussian, exponential, or some other.

Gaussian velocity turbule ensemble with=10"2 as a function of normal-

ized distance/a; .

(v) If the spectra are chosen to match the Kolmogorov
power law in the inertial range, then for fractal scaling,
where ratios of successive sizes are the same for all sizes,

plots of Eq.(85) for m=(10"°,10"“), respectively. Just as trhyle packing fractions must be size-independent, and tem-

for the temperature structure functions, the log-log plotsyerature and velocity amplitudes must scale as the 1/3 power
clearly reveal the extent of the inertial ranges and the correcss ihe size.

asymptotic behaviors.

V. SUMMARY AND DISCUSSION

(vi) Expressions for the structure constarffé,(cg) as-
sociated with the Kolmogorov spectra are obtained in terms
of turbule model parameters and involve only scale-invariant

In this paper, we have modeled isotropic homogeneou§XPressions for fractal scaling.

turbulence as a superposition of randomly located randomly
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(vii) For most ratios of outer scale length to wavelength
and for some reasonable ratios of inner to outer scale length,
the inertial range of scattering angles is significantly smaller
than 0° to 180°, and, outside the inertial range, the scattering
is significantly less than predicted by the full Kolmogorov
spectrum.

(viii) For Gaussian model turbules, the structure func-
tions may be expressed in terms of tabulated functions, and
display the correct asymptotic behaviors as well as a
2/3-law dependence in an inertial range of distances deter-
mined by the inner and outer scales of turbulence.

Overall, then, we have accomplished the essential first
step objective stated in the Introduction; to paraphrase it, we
have ascertained that a turbule model of isotropic homoge-
neous turbulence works.

In order to predict the observed acoustic scattering by
realistic models of turbulence, it is necessary to treat three
things that were not considered in this work. One is a model
of anisotropic inhomogeneous turbulence. In particular, an-
isotropy is probably different at different length scales, rang-
ing from essentially isotropic at small scales to highly aniso-
tropic at the largest scales. Inhomogeneity must be present
because of the ground surface, but it should be maximum
near the ground and decrease with altitude, and so again
depends on turbulent length scales. Velocity turbules prob-
ably have correlated directions. A turbule model should be
very helpful in representing these conditions.
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detector actually being in the near field of much of the tur- (A9)

bulence and having nonuniform radiation and acceptance

patterns. Preliminary results indicate that a turbule modeUsing this, Eq.(78), and

helps greatly in analyzing these effects, which are different "

for different length scales. JgB(o,oo): f dy y8/3e—y2/2: 1.674 (A10)
A third item is prediction of the magnitude of the fluc- 0

tuations in the scattered intensity, compared to the meap gq. (77) then yields Eq(79).

scattered intensity. Experimentally, these fluctuations seem  The method for deriving Eq85) from Eq. (84) is iden-

to be very large? Preliminary calculations indicate that a tjcal with the above.

turbule model is exceptionally well-suited to this analysis,

and indeed predicts fluctuations with standard deviation at'v. I. Tatarskii, The Effects of the Turbulent Atmosphere on Wave Propa-

least equal to the mean. gation (Keter, Jerusalem, 1971Chap. 2.
2V. E. Ostashev, “Sound propagation and scattering in media with random

inhomogeneities of sound speed, density, and medium velocity,” Waves
APPENDIX. STRUCTURE FUNCTIONS Random Mediad, 403—428(1994).

3 . o
We show below that Eq77) reduces to qug) for the J. O. Hinze,Turbulence(McGraw-Hill, New York, 1979, 2nd ed., Chap.
Gaussian envelope functidB4). First, consider the integral 4y, g. Ostashev, “Scattering of sound in randomly nonuniform moving

Another item is the effect of both the source and the T (&m )
L+(é)= gf dy y *%(1-e ™).
¢

in Eq. (77), medium and the possibility of sounding water-content fluctuation in the
. atmosphere,” Atmos. Ocean. Phy&/, 956—-961(1991).
[~ o Sinz z2/¢ 13— y212 SA. S. Monin and A. M. Yaglom Statistical Fluid Mechanics: Mechanics
Lt(&)= dz z 1- 7 dy YB S ) of TurbulenceMIT, Boston, 1975, Vol. 2, p. 385.
0 m7¢ SR. J. Hill, “Models of the scalar spectrum for turbulent advection,” J.
(A1) Fluid Mech. 88, 541-562(1978.

. . V. Ostashev, V. Mellert, R. Wandelt, and F. Gerdes, “Propagation of
where the second Integral ‘i%/3(m2/§’2/§) for the Gaussian sound in a turbulent medium. I. Plane waves,” J. Acoust. Soc. @mbe

envelope function. Make a transformation to polar coordi- pybiisheq.

nates: 8D. A. deWolf, “A random motion model of fluctuations in a nearly trans-
) parent medium,” Radio Scil8, 138—142(1983.
Z=p CcO0sH, y=p siné. (A2) ®W. E. McBride, H. E. Bass, R. Raspet, and K. E. Gilbert, “Scattering of

L. L. sound by atmospheric turbulence: Predictions in a refractive shadow
Then from Eq.(A1), the limits onp are(0,), and the limits zone,” J. Acoust. Soc. Am91, 1336-13401992.

on ¢ are 10A. S, Monin, “Characteristics of the scattering of sound in a turbulent
1 1 atmosphere,” Sov. Phys. Acoust. 130(1962.
f,=tan “(m/§), 6,=tan ~(1/§). (A3) Most of these statements, and E(®, (3), (8), and(9) themselves, are not

valid if the volumeVy observed by the detector does not include all of the
illuminated partV, of the volumeV; containing the turbulence. In such
65 cases, violations of these equations may in fact be major, as we shall show
L(&)= f dé sin 6(tan ) K (8)—K,(0)], (A4) in other work.
01 2The cross terms involvingff*) are zero because the temperature flux
{A?O(K)ng(K»:O for these conditions. However, this flux is nonzero

Then Eq.(Al) is

where : . .
and important for anisotropic turbulence.

w . . 30ur spectrab”, @}, are (2m)3(V5) times the corresponding spectral den-

Ki(6)= f dp p2eV2r si? 0 [ = cs@ 0, (A5) sities ¢, ¢,, of Ref. 1. OurC? is equal toC2¢2® of that reference, where
0 2 eis the rate of energy dissipation per unit mass of fluid; @iis equal to
the C2 of that reference.

(AB) Note that this choice means that, for an @sotropic ensembl_e of one-turbul_e
systems, the average temperature variation of the turbule is not zero, so its
forward temperature scattering is not zero either. In order to obtain zero

In Eq. (A6), let »=cos#. Then after an integration by parts, average temperature variation for the turbulence overall, as required by

Eq. (6), we treat collections of turbules constrained so that the sum of their

sin(p cos )

_ ” 24— (1/2)p? sir? 6
Ka(6) fo dp p°e p C0S0

_1 . P —(U2 72 tarf 6 average temperature variations is zero.

K,(8)=3(cos @ sir? 6) fo d7n cos ne . 153, Wolfram, Mathematica(Addison—Wesley, New York, 19912nd ed.
A7 18M. Nelkin, “In what sense is turbulence an unsolved problem,” Science
(A7) 255, 566-570(1992.

Writing cosy in terms ofe*'” and completing the square in This is indeed(tacitly) required by the standard model, which gets
the exponent then yields =1/3 after stipulating that, in the cascade, the energy transfer rate per unit

mass of the fluid is to be scale invariant.
- 1 8That is, typical inner scale lengths may be of the order of millimeters,
Ky(8)= 7 csé 0 exp( ~3 cot 9). (A8) while outer scale lengths may be of the order of tens to hundreds of
meters.

. . . 19D, Havelock, M. R. Stinson, and G. A. Daigle, “Phase and amplitude
Using Eqs.(A5) and(A8) in Eq. (A4), lettingy=cot 6, and fluctuations in a refractive shadow,” J. Acoust. Soc. AB2, 2405A)

using Eq.(A3) yields (1992.
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Low Strouhal number instabilities of flow over apertures
and wall cavities

M. S. Howe
Boston University, College of Engineering, 110 Cummington Street, Boston, Massachusetts 02215

(Received 4 March 1996; revised 17 April 1997; accepted 28 April 1997

A theory is developed to predict the frequency of self-sustained oscillations of flow over an aperture
in a plane wall and over a shallow wall cavity. The Mach number is sufficiently small that motion

in the aperture or cavity may be regarded as incompressible. The shear layer thickness is small
enough to permit it to be modeled by a vortex sheet, which is taken to be linearly disturbed from its
equilibrium planar form. The motion of this sheet is discussed for circular and rectangular wall
apertures, and numerical predictions are given for the Rayleigh condudtiyfty) as a function of

the radian frequency of the motion. Instabilities of the aperture flow are determined by poles of
Kgr(w) in the upper complex frequency plane, and it is argued that the real parts of these complex
frequencies correspond to the Strouhal numbers of self-sustained oscillations. An approximate
method is given for determining the pole that corresponds to the minimum frequency, self-sustained
oscillation. For incompressible flow there can be no net volume flux into a shallow wall cavity, and
oscillations are in this case related to poles of a frequency-dependent drag coefficient. The predicted
minimum Strouhal number for the cavity is close to measured values for the first stage of
self-sustained oscillations of wall apertures and shallow cavities at very low Mach number.
© 1997 Acoustical Society of Amerid&0001-496@07)03608-4

PACS numbers: 43.28.Py, 43.40.Rj, 43.50.Ni€S]

INTRODUCTION simplest approximation, therefore, the returning sound will
arrive at the leading edge at just the right instant to reinforce
periodic shedding of vorticity provided the frequerfcy

atisfiesRossiter's equatioh

Acoustic tones are frequently associated with instabili-
ties of high-speed jets and shear layers. Unsteady pressur
produced when a flow inhomogeneity perturbs the shea?
layer over the mouth of a wall cavity excite acoustic modes /U +L/co=n/f, n=1,2,3..., (1)

of the cavity, whose subsequent back reaction on the shear ) . ] . )
layer can lead to large amplitude oscillations which are susWhere the index is constant in each band or “stage” of the

tained by the extraction of energy from the mean flow. Anogcillation._ Wher_1 predictions of this equation are compared
extensive discussion of these phenomena is given bYith exper|merﬂ_|t is found to be necessary to replacey
Rockwell> who also reviews research prior to 1983. Earlyl — B, whereg s a constant “phase lag” that depends on
notions of the excitation of cavity resonances attributed th&avity depth;3/f is the aggregate time delay associated with
oscillations to broadband excitation of acoustic modes byl) the arrival of a vortex at the trailing edge and the emission
turbulence in the shear layer. However, self-sustained osciPf the main acoustic pulse, ai) the arrival of the sound at
lations occur also when the flow is laminar, and it is oftenth® leading edge and the release of a new vortex.
found that laminar flow resonances are the most intense. Experiments at high subsonic Mach .numtﬁérg.elate
Consider a wall cavity in the form of a rectangular cut measured .Strouhal numbers to the following modified Ros-
out at depth and lengthL in the streamwise direction. For SItér equation:
shallow cavities /| > 1), flow excited tones do not gener- fL M
ally correspond to acoustic modes of the cavity, and are not —=(n—,8)/ ,
usually harmonically related. Strouhal numbefs/U of U VI1+(y=1)M?/2]
tones of frequency (U being the free stream velocjtyypi- n=12.3 @)
cally lie within certain well-defined bands when plotted e
against mean flow Mach numb®&r The existence of these whereM =U/c, is the free stream Mach number based on
bands usually depends deedbackaccording to which dis- the stagnation sound speeg and vy is the ratio of specific
crete vortices are formed periodically just downstream of theheats. WherM >0.2, and for shallow, rectangular cavities
leading edge of the cavity, and proceed to convect towardwith L/1>1, predictions of Eq(2) agree well with observa-
the trailing edge. A sound pulse is generated by the interadions for 8~0.25 andU_./U~0.6, independently of the tem-
tion of a vortex with the trailing edge; the pulse propagateperature of the free stream, the transverse wiitbf the
upstream, where its impingement on the leading edge ineavity, and the Reynolds numbé&fL/v (v being the kine-
duces separation of the boundary layer just upstream of theatic viscosity.”> These shallow cavity tones are governed
edge. A vortex travels across the cavity in tilmidJ ., where by the feedback cycle discussed abowayvity acoustic
the mean convection velocity, =~ 0.4U-0.8J, whereas the modes(whose frequencies are determined by the interior
sound radiates back to the leading edge in tinhe,. Inthe  cavity dimensionstend to be unimportant unleds'| <2.5

U
—+
Uc
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and M is large, when they can dominate the radiation pro-
vided the Strouhal number satisfies E).

Theoretical models of shallow cavity tone excitation
(e.g., Ref. B frequently postulate the existence of an acoustic
“source” at the cavity trailing edge, whose strength and % rigid plane

phase are estimated in terms of calculated properties of the
vortex sheet /_/_N

X2

X

shear layer motion near the edge. In flows of very low Mach
number, however, when the wavelength of the sound is very
much larger than the cavity mouttwhen the mouth is
“acoustically compact’, the local flow can be regarded as
incompressible, and the time delayc, in (1) from the re-
turning sound becomes negligiblézor a deep cavity, the
tones generally depend on feedback from standing acoustic
waves within the cavity; the flow-acoustic coupling in such
cases has been successfully modeled by a discrete vortex
simulation of the unsteady flow over the mo#tt?

This paper is concerned with the excitation of tonal y
sound by flow over an acoustically compact wall aperture or \_/
wall cavity when, in a first approximation, it is permissible to sound
regard the local motion as incompressible. We do this by
idealizing the shear layer as a vortex sheet that is linearly
disturbed from its equilibrium form, and identifying tonal
instabilities with disturbances of the sheet that grow expo-
nentially with time. These disturbances are governed by théCo being the speed of sountf Attention is here confined to
interaction of the vortex sheet with the solid surfaces and, folow frequency motion, such that the acoustic wavelength is
the wall aperture, are related to poles in the complex fremuch larger than the aperture diameter, so that the acoustic
quency plane of the Rayleigh conductiviis(w) (the recip-  pressure at large distandes from the aperture is theono-
rocal of the acoustic impedance of the apentdteAn ap-  polefield

FIG. 1. Flow over a circular aperture in a thin, rigid wall.

proximate method is used to determine the polek@afw)
that is nearest to the real frequency axis. This corresponds to Po=* Po @ _M for x,=0. 3)
the lowest Strouhal number of tonal excitatiore., ton=1 © 27|x| ot Co/

in (1) and (2)]. The simplest case to treat by this means is

one-sided grazing flow over an acoustically compact aperture 1€ flux Q can be expressed in terms of the applied
in a thin, rigid wall. This is discussed in Sec. | for circular PreSSUréPo by introducing the Rayleigh conductivityr, of

3 . . . . .
aperturequsing calculated values €y for real w given in the aperturé? This is usually defined for time-harmonically

Ref. 14 and in Sec. Il for rectangular apertures. The method’a7Ying quantitiesproportional toe™'") by the relation
developed for rectangular apertures is extended in Sec. 110 K (w)=iwp,Q(w)/[p(w)], (4)
an aperture in a wall of finite thickness. In Sec. IV a similar . . _
procedure is applied to study self-sustained oscillations ovhere p, is the mean fluid density, Q(w)

flow over a shallow wall cavity. =(1/27)[” .Q(t)e'“! dt is the Fourier component of the
flux Q of radian frequency, and[p]=p, —p_ is the dif-
ference in the time harmonic pressures above and below the

|. SHEAR TONES GENERATED BY A CIRCULAR wall that forces the fluid through the aperture. In the present
ORIFICE IN A THIN WALL casep_=0 andp, (w)=po(w).
A. Conductivity of a circular aperture In the time domain Eq4) must be expressed in terms of

. . . o . a convolution integral:
Consider a small circular aperture in a thin rigid wall in 9

the presence of a high Reynolds number, one-sided grazing dQ(t) % it
flow at infinitesimal Mach number. Let the wall coincide POT:_j MKR(“’)po(w)e do. ®)
with the planex,=0 of the rectangular coordinate system

(x1,%2,%3) with the center of the aperture at the origin, andIt may be assumed thaiy(t) vanishes prior to some initial
suppose the flow is confined to the “upper” regiap>0 time ty, say, and therefore thady(w)—0 as Imw— +=
(see Fig. 1 at speedJ in the x; direction. The shear layer and is regular in the upper half of the complex frequency
over the aperture will be assumed to be linearly perturbed bplane;py(w) will be regulareverywherdf the applied pres-

a uniform, time-dependent pressupg(t) applied inx,>0.  surep(t) is of finite duration'® To ensure thaQ(t)=0 for
This produces a volume fluQ(t) through the aperture t<t, the path of integration in5) must pass above any
(taken as positive in the-x, direction, as a result of which  singularities ofKz(w). Fort>t, the integral can be evalu-
sound waves are radiated into the fluid on either side of thated by displacing the integration contour downwards to-
wall. The influence of mean flow on sound propagation maywards the real axis, “wrapping” it around any singularities
be ignored provided the Mach numbkt=U/c, is small  of the integrand in Inw>0. The contributions from these
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T T | |w|— and A(w)—0 [cf. Fig. 2a)]. Then (for stable mo-

@ | Ope-sided grazing flow i tion) f(w)=T(w)—T.—iA(w) is regular in the upper half-

. plane and vanishes &&|— . Cauchy’s theoreft applied

r to a closed contour consisting of the real axis and a semi-
u m circle in the upper half-plane whose radius grows without
limit, implies that f(w)=(1/27i)f"_ f(£)d&/(é—w) for
Im(w) >0, where the integration is along the real axis. When
A w approaches the real axis, the real and imaginary parts of

v this equation and6) yield the Kramers—Kronig relationg®
i | 2 [~ EM(9dE

2 ! ] | — =
e A

Kg/2R
~
l
|

)

(b) | | 20 )[ [T(&)—-T,.]dé

—  Four pole model — Alw)=—
ne r . T 0 gZ_wZ

L _ where the integrals are principal values.
Alternatively, whenI'(w) and A(w) have been deter-
mined by experiment or numerical computation, E@$.can
~ A . be used to investigate the stability of the motion. If the equa-
0 tions are not satisfiedgz(w) must be singular in Inw>0,
\/ and the motion isabsolutely unstablein that the smallest
B | perturbation of the flow can cause a spontaneous growth of
2 : : : large amplitude motions in the aperture. This happens to be
the case for the circular aperture with one-sided flow studied
by Scott: the Kramers—Kronig formuldg) are not satisfied
FIG. 2. (a) Normalized conductivityKg/2R=T—iA of a circular aperture DY theé numerically derived values 6fandA shown in Fig.
in a thin wall calculated by ScotRefs. 14 and 1 (b) Four-pole approxi-  2(a). More information concerning the nature of the unstable
mation. motion can be derived by expressifdw)=1"(w)—-T.,
—iA(w) for real values ofw as the sunf*(w)+f () of
singularities(if they exis) will dominate the integral a¢  two functions which are, respectively, regular in (@)=0.
—tg— +oo. We can do this by making use of the following extension
In the absence of mean flow the conductiity=2R,  of (7):%°
where R is the aperture radius. The conductivity in the 1 (= A(DdE 1
presence of a one-sided grazing flow, when the shear layeris I'*(@)-T'I=—-— + =[[(w)-T.],
modeled by a vortex sheet as in Fig. 1, has been computed 21 ) E-0 2 ®)
by Scott*’for real frequencies. Scott assumed the vortex 41 fe [T(A—T . 1dé 1
sheet to be linearly disturbed by the pressure differential At(w)z__)[ M+—A(w),
[p], and solved numerically the integrodifferential equation 2m 2
satisfied by its displacemeg{x; ,xz)e ! (in the x, direc- wherew is real.
tion), subject to the Kutta condition that the sheet leaves the  Thase formulas can be used to derive an approximate

upstream semicircular edge of the aperture tangenfidlly. analytic continuation oK x(w) into the complex frequency

K is now complex, and varies significantly with the Strou- 5506 1n several important cases it is permissible to assume

hal number oR/U. The real and imaginary parts of wa¢ o singularities of the conductivity are simple poles oc-
Kr(w)/2R=(I"—iA) are plotted in Fig. &) againstwR/U curring in pairs at

for real values ofw. WhenA #0 andw is real, the interac- _
tion of the applied pressuney(w) with the aperture is non- k=wRIU=*k,—iB, (N=12,..),
conservative, in the sense that there is an irreversible transf@fhere «,, and 8, are real. We then write
of perturbation energy to or from the mean flow according as
A=0.

(w real),

Kg/2R
[
l
!

wR/U

e )

N

F(w)_iA(w):gl K_(Kn_iBn)_ K+ (kn—ifBn)

N
2(arnkn— ainfn)

*
an dp

B. Analytic continuation of Kg(w)

Since Q(t) and [p(t)] are real valued quantities, the +n:1 Py : 9
conductivity satisfie& g(— 0*) =K% (w), where the asterisk nomn
denotes complex conjugate. Feral values ofw we have where «, are complex constants with real and imaginary

R R parts, respectively, equal @, and «;,. WhenI'*(w) and
I(-o)=I(), A(-0)=-A(0). ©) A*(w) have been calculated for real from Egs.(8), the

If the motion were stablex(w)/2R=T"(w)—iA(w)would coefficients in(9) are chosen to give the best fit Ib" (w)

be regular in Imw>0. In generall'(w)—T,=const as —iA*(w) using those terms in the summation correspond-
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ing, respectively, to poles in the lower and upper halves ofjeneralized to cases where the wall is of finite thickness, or
the w plane. to finite depth cut outs with rectangular openings.

This approximation has been used to extend the numeri- The configuration is identical to that of Sec. |, except
cal results of Scotf into the complex frequency domain, by that the aperture is rectangular with sides of lendthand
means of the four-pole model defined by b, respectively, parallel and transverse to the mean flow. Let

B _ . _ the aperture occupy the regiofx;|<s=L/2, |x3|<3b.

@1=1.23,k,=0.9, f1=1; 2;=0.82, xp=2.9, (100  When a time harmonic pressure differentig]=p, —p_
B>,=-0.8; ay=0,n>2. (proportional toe™'“!) is applied across the wall, the result-
ing (incompressible unsteady motion above and below the

There are two poles in the upper hali-plane ataperture can be expressed in terms of velocity potentials

owR/U=%+2.9+0.8 and two in the lower half-plane at

wR/U=%+0.9-i. The real and imaginary parts of 1 [ vy, +0ys)

Kgr(w)/2R defined by this approximation are plotted in Fig. P (X)= - ———dy; dy;

2(b) for comparison with Scott’'s numerical results in Fig. x=yl (12)
2(a). (y»,=0, x,=0),

C. Self-sustained aperture tones where the integration is over the plane of the wall, ands

When the approximation fdg(w) defined by Eqs(9)  the x, component of velocitfnormal to the wall. This ve-
and(10) is used to evaluate the integi&), the aperture flux locity vanishes at the wall except in the aperture where, in
at large times is determined by residue contributions fronthe linearized approximation,
the poles in the upper half-plane, which yield a monopole
source strength that increases exponentially with time, i.e.,

1%
Uz(Xl,Xzyxs)*( —iw+U—

, —lof,
R_ oy 0 2.9Ut BtR 9%y ‘ ‘
Potor = 7O az|Po(Q2)|co R 7€ ' according as,— *0, (12)

where QR/U=2.9+0.8 and argpo(Q)}=¢ [note that z(x,,x;) being the displacement of fluid particlém the
Po(—Q*)=pg(Q) when py(t) is real. In practice, of x, direction which lie in the plane of the wall in the undis-
course, this exponential growth is curtailed by nonlinearturbed state.

mechanisms ignored by linear perturbation theory. However,  The equation of motion of the vortex sheet is obtained
since according td1) the frequency of the motion is con- py equating the pressurgs.+p’. on opposite sides of the
trolled by the convection velocity across the aperture, whichyortex sheet, wherg’. denotes the pressure fluctuations
does not depend significantly on amplitude, the frequency oibove and below the wall produced by motion of the sheet.
nonlinear oscillations would be expected to be close to therhese pressures are calculated fré), (12), and the lin-
linear theory value. Because of the exponential growth, thigarized form of Bernoulli's equation, whereupon we find that
tonal component of the sound can in practice be initiated by satisfies
any small disturbance and appears to be spontaneously ex-

cited by the flow. When the frequency is expressed as 0 2 {(y1,Y3)

StrouhalnumberfD/U, wheref=w/2r andD=2R is the w+|U§ to 27X~y dy; dys

aperture diameter, the above calculation suggests that the !

lowest tone occurs neafD/U=~0.9. When the Strouhal =[pl/pg, X2=Y,=0, (13

number is based on the average length of the aperture in the

streamwise directiorl, = (/4)D, we find fL/U~0.7. This where x=(x4,0,X3) and the integration is over the surface
S of the aperture.

value is close to Strouhal numbers observed experimentally; .
. . We assume that vortex shedding from the upstream edge
although most measurements have been made using caw(
|

backed apertures beneath relatively thick shear layers, whe gl: —s) of the aperture produces strongly correlated mo-
the shear layer motion is coupled to an acoustic mode of the

on within S at different transverse locationg, such that/
cavity and for whichfL/U~0.3-0.5, but larger values have may be regarded as independenkef Theys integration in
been reported at very small mean flow spekt

10,12,2122 (13) may then be performed explicitly. If we also integrate
' with respect taxz, and introduce the notation

-1 b/2 dys dx;
II. RECTANGULAR ORIFICE IN A THIN WALL —J j > 5
. . 2b ) J bz (X, —y1)*+ (x3—Ys)
A. The Rayleigh conductivity
=In[é— 7|+ Z(&n), é=xils, n=yils, (14

The numerical method of Scétt’ is readily extended
to determine the influence of grazing flo@in the vortex where
sheet approximatignon the conductivity of an orifice of
arbitrary shape, and in particular for the important case of aZ(&,7)=—In{b/s+ [ (b/s)*+ (- 7)*]}
rectangular aperture. In this section, however, we shall out- vl .
line a simpler, approximate numerical schefdescussed in AL+ (D)= n)*) = (s/b)] ¢ 7, (19
detail in Ref. 23 for a rectangular aperture that is easily then(13) becomes
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b b =125 I FIG. 4. Comparison of the four-pole approximati¢h9) (----) with the
— 3 — U — calculated conductivity: ) for b/L=1.25.
~ 05 b
Q 0 7]
) -
& L ]
31/ 0 B. Aperture tones
sL 7 There is a strong qualitative similarity between the pre-
e | | | | 7 dictions shown in Figs. 2 and 3 for circular and rectangular
0 ) 3 . s apertures. Using the method of Sec. | B we can develop ap-

2 ws/U proximate analytic continuations &f into the complex fre-

quency domain. In Fig4 a four pole approximation of the
type (9) (in which « is replaced byws/U) is compared to the
numerically predicted conductivity for the cabélL =1.25,

FIG. 3. ConductivityKg= 7/2b(I"—iA) of a rectangular aperture of differ-
ent aspect ratiob/L in a thin wall.

where
a\?] (1 o _
52+(e+ia—§) “ L inle— |+ Z(£ @1=2.4,k;=05, Bi=115; a;=075,x,=2.45, |
- Bo=—0.7, a,=0, n>2.
=—ms[pl/poU?, [€<1, (16) According to the argument of Sec. | C, the poles at

ws/U==*2.45+0.71, correspond to an instability of the ap-

wheree=ws/U. _ erture motion that is manifested by shear layer oscillations at
This equation is integrated with respect to the second; frequency close tas/U=2.45. In a first approximation,

order differential operator on the left-hand side. By setting g frequency coincides with that at which assumes its

£ =~ (2pow?sl 7 p])¢ minimum value in Fig. 4. Figure 3 indicates that this mini-
' mum moves to marginally lower frequencies as the aspect
we find ratio b/L increases, although the variation is small, and the
minimum occurs neaws/U =2.3 whenb/L becomes large.

1 ) , , It may also be noted that, when the characteristic Strouhal
jilé”(ﬂ){'rﬂf— 7|+ L& m)}dn+ N €715+ e 72 numberwR/U~2.9 obtained in Sec. | for the circular aper-
ture is scaled by replacing the lengghby the mean semi-
—1, |g<1, (17) chord s=(w/4)R of the circular aperture, we finds/U

~2.28, which is close to the rectangular aperture case when

where oy = (ws/U)(1+i), o,=(ws/U)(1—i) are the non- b/L exceeds about 3.
dimensional Kelvin—Helmholtz wave numbers for a vortex
sheet* and\; and\, are constants of integration.
The integral equation can be solved by collocation. Thg||. RECTANGULAR APERTURE IN A THICK WALL
values ofA; and \, are chosen to ensure that the Kutta ) .
condition is satisfied at the upstream edge of the aperturd): APProximate representation of the

i.e., that{=0¢/9é=0 até= — 1. The numerical solution and conductivity
the definition(4) then supply the Rayleigh conductivity from The method of Sec. Il for a rectangular aperture is now
the formula extended to include the effect of wall thickness on the con-

ductivity. We discuss here the simplest case in which the
wall thicknessh (see Fig. %is large enough for the coupling
between the motion in the upper moy#ipanned by the vor-
tex sheetand the lower moutkwhere there is no mean flow
Typical predictions ofKg=(#/2)b(I"—iA)are plotted to be expressed in terms of the locally uniform, time har-
in Fig. 3 for the three aspect ratibsL =1.25, 3, and 10. The monic pressurep, andp, produced by the motion, respec-
results for b/L=10 are in close agreement with an tively, just below the vortex sheet and just above the lower
asymptotic formula for largé/L given in Ref. 14. open mouth. Referring to Fig. 5, i® is the volume flux

1
KR=—§bJ_1§'<n>dn. (18

776  J. Acoust. Soc. Am., Vol. 102, No. 2, Pt. 1, August 1997 Michael Howe: Low Strouhal number instabilities 776



u? a\2 (1
X p=p++p0—(e+i—)f L(p{In[é— 7]
s 23 -1

X FAEYd, [E=als<1, @4

where %4(&, ) is defined as in(15).

The motion in the cylindrical region below the vortex
sheet is uniform in the spanwisgs] direction. If the vortex
sheet is temporarily replaced by a rigid lid, the local incom-
pressible flow produced by a spanwise line source of unit
strength aix,=y;, X,=—0, |X3|<b/2 can be calculated by
making use of the two-dimensional velocity potential for a
source injecting fluid into a semi-infinite, uniform duct,
which can be calculated by the method of conformal
transformatiorf* If the mean pressure just below the vortex
sheet isp, the pressure on the lower surface of the vortex

P sheet can then be written
FIG. 5. One-sided grazing flow over a rectangular aperture in a thick wall. P0U252 1 .
p=pu— 2= [ comtinle= ol + 2 min,
TS -1
through the aperturén the +x, direction, the conductivi- g <1, (25)
ties Ky, K, of the upper and lower mouths, respectively,
satisfy where
_ ) B 4 sin @ (&— n)ldfcoq w(&+ n)l4}
P+ —Pu=ipewQ/Ky, p-—pL=—ipowQ/K., (20 L%/u(&??):'n( 7 :

where the minus sign on the right of the second of these Equating the pressurg®4) and (25) and rearranging,

equations occurs becausg is defined with respect to a flux the equation of motion of the vortex sheet becomes
—Q that is directed out of the mouth. In the same approxi-

2
mation, the motion of the cylindrical column of fluid within | .2 [ . 9 “1 Lo {InlE—n|+ Z(& m)}dn
the aperture satisfies the momentum equation 23 -1 ’
. 1
AlPL=PY) = —T0hpoQ, @) +e? f L Lu&m) = A& m)dy
-1
where A=bL is the aperture area. Combining these equa- 5
tions, the net conductivit)Kg of the aperture in the thick =—ms(p+—Pu)/poU?, [€<1. (26)
wall is given by Proceeding as in the treatment of Efj6), we find
1 .
r . t.h 22 J ' (m{n|é— |+ L& n)+€(& )yt r, e
Ke Ky K. A -t
+N,e%28=1, |&<1, (27)

The lengthA/K, is the “end-correction” of the lower ) )
mouth®® The presence of the vortex sheet causes the endvherel’=—{2pow”s/7(p,—py)}¢, and
correction A/K, of the upper mouth to be complex. The €1
reciprocalFr=1/KR is the aperture acoustic impedance, in  &€(§,7)= Ef {Zulp,m)— 2w, m)}
terms of which(22) assumes the simpler form -1
xexplie(é—u)—elé—ul}du.
Equation(27) is now solved by collocation, as before
whereF, andF, are the acoustic impedances of the upper(with the Kutta condition imposed &t=—1), and the solu-
and lower mouths, respectively. tion used to determiné& =1/K from the relation(18).

Typical predictions for the aspect ratibsL =1.25, 3, and
10 considered previously, are shown in Fig. 6.

FR:Fu+FL+h/A, (23)

B. Determination of F

Take the coordinate origin in the plane of the upperc' Determination of - F;

surface of the wall at the center of the mouth. Assume, as in  The acoustic impedande, of the lower mouth can be
Sec. Il, that the spanwise variation of the displacenieot  found by the same procedure. There is now no vortex sheet,
the vortex sheet can be ignored. When the pressure jusind the corresponding normalized displacengérdf fluid in
above the vortex sheet is averaged over the span, we find the plane of the mouth in the undisturbed state is obtained by

777  J. Acoust. Soc. Am., Vol. 102, No. 2, Pt. 1, August 1997 Michael Howe: Low Strouhal number instabilities 777



T l l T [
0.5
D & 05 r |
o S
e T b/L =1.25,h/L =1
Q Bo2sl _
< -3 2
N S A
-1 2 o P
8 \/
1
-.25 | | 1 l
i 0 1 2 3 4 5
g 05 ws/U
§ 0 FIG. 8. Predicted conductivitiK g=(7/2)b(I"—iA) of a rectangular aper-
\J ture in a thick wall with one-sided grazing flow fofL =1.25, h/L=1.
0 1 3 4 s (shown dotted in the figuyewhich is applicable for any,
ws/U nonelongated opening of arédain a wall. At larger aspect
FIG. 6. Vortex sheet approximation to the acoustic impeddngeof a r,atIOSK'-wzlﬂb”n{Sb/Le}' wheree~2.178 is the exponen-
rectangular opening in a thick wall in the presence of a grazing flow. tial constant:

) . . . D. Flow excited aperture tones
equating expressions for the pressure at corresponding points

just above and just below the leveb=—I of the mouth. These numerical results may now be used(2g) to
Because there is no mean flow this yields a governing equé@lculate the conductivitkg= (7/2)b(I'—iA) of the wall
tion that does not involve differential operators: aperture for different wall thickness ratibélL. Figure 8 il-

. lustrates the result of such a calculation tofL=1 and
/ _ b/L=1.25. Both curves in this figure are qualitatively simi-
In|&— |+ H Z(&n)+ £y, dp=1, 2 .
Jllg (m)(Inl¢=nl+ A A& ) u(&mihdn lar to those shown in Fig. 4 for a thin wall aperture of the
(28 same aspect ratio. The overall reduction in the magnitudes of

whereF =1/K, is determined by18). The Kutta condition Fh.aEdA reIaUvgbto .thm?/s: n Fr:g. 4ls a.co_nseq(ljjence c|>f the
cannot be imposed in this case, afidexhibits mild singu- ]E ICKNess gontr! Ut'oh to the ac;)gstlcllrgpe ?nce.h n {;11
larities at the endg=+1 of the mouth. irst approximation, the argument of Sec. implies that the

The variations ofF_ and K, with aspect ratido/L are frequency at whichh assumes its minimurtand negative

shown in Fig. 7. Note that, the present locally two- value may be taken to correspond to the minimum frequency
dimensional .app.roximation " which yields the one- of self-sustained oscillations of the flow over the aperture.

dimensional integral equatid28) might have been expected On this basis we can calcula_te the dependenpe of this fre-
to be applicable only for large aspect ratios, since in thefuency on wall thickness for different aspect ratios, as shown

absence of flow there is no reason to prefer an equation al? Fig. 9 for the three casddL =1.25, 3, and 10, considered

eraged over the spanwise as opposed to the chordwise (H_rewously.

mension. However, inspection of Fig. 7 reveals that for O.SfL/Jh?_re/szults Aare g?(presngd 9afSL/S dStrouhaI ngrrr]wber
<b/L<2.5,K, is well approximated by Rayleigh's (f=w/2m). According to Fig. 9] ecreases wit

formulat increasing wall thickness, becoming ultimately constant and
K. ~3.83yA/7, A=bL (29 Instability Strouhal number
h=0] | I I |
0.8 ¥ 1.25

Square-edged opening, no mean flow

I I T I T T T | T

- e ¢ o: Rayleigh Approximation (29) ]

LS - (xb/2)F,, -] = 0.75
N

B ESy
| G .

B 0.7 e 10
0.5 e

0 2 4 6 8 10 - a

b/L 0.67 ! ! | | le1.25

0 1 2 h/L 3 4 5

FIG. 7. Predicted dependence on aspect riatlo of the conductivityK_
and impedanc€, of a rectangular opening in a wall in the absence of meanFIG. 9. Calculated Strouhal number of self-sustaining oscillations for one-
flow. sided grazing flow over a rectangular aperture in a wall of thickhess
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the center of the mouth. In the limid =U/cy— 0 the acous-
tic pressure at large distances from the cavity can be ex-
pressed in the form

po 9
p(x,t)~——J va(y,t—|x—yl/co)dy; dy;
27|x| 9t)s

as|x|—e, (30)

where the integration is over the moushwhere the normal
velocity isv,. For an acoustically compact opening, when
the flux Q=0, the first nontrivial term in the expansion of

® | | | the integrand in powers of/c, gives the dipole field
=N ] k0= T i), [
0 lmais= S P(x, 2mco|x|? at ( Colr XI5
~ Il . where Fj=pofsyjdvo(y,t)/dt dy; dy; (j=1 or 3 is the
al Q unsteadydrag exerted on the fluid by the cavity.
\\ | Now at very low frequencies, a uniform, time-dependent
— D = YrbsA(T' - iA) NS - pressurep, applied to the cut out ix,>0 cannot produce
2 | | | | TTo-Tes drag. We must therefore consider an applied tangential pres-
0 s gy 1 15 sure force—dpy/dx;. Suppose the pressure gradient is in
the mean flow directiofthe x; direction, and that its spatial
variation can be neglected. Then by analogy wihwe can
FIG. 10. (a) Rectangular wall cavity(b) Real and imaginary parts of the write
function D (w) of Eq. (31) for a wall cavity withb/L=1, and the four-pole
approximation(----). © )
Fi(t)= —f D(w)dpo(w)/dxe” " dw, (31

equal to asymptotic values indicated on the right of the fig-

ure. Recall, however, that the present calculation assumes tigere thedrag coefficient B=M,/po, My, being the effec-
motion within and in the immediate neighborhood of the lVe “added mass” of the cavity in the presence of the shear

aperture to be effectively incompressible, so that the wallayer®* The frequencies of self-sustained radiation from the
thicknessh must always be small compared to the characterCUt out are determined by the singularitiesdw) in the

istic wavelength~L/M (M =U/cy)of sound of frequency UPPEr half of thew plane. . .
f. The present calculation is not applicable whers small The drag coefficient can be calculated by a minor modi-

compared toL: also shown in the figure are the limiting fication of the approximate method of Sec. Il for wall aper-
values ash/L—0 (labeled “h=0") predicted by the thin tUres, the details of which can be found in Ref. 23. We write
wall theory of Sec. Il. The numerical results fofL #0 are D(w)=3mb[I" (w)—iA'(w)], (32
seen to increase steadily towards these respective limiti
values ash/L approaches zero. The characteristic StrOUh;ﬁarts ofD. The dependencies &F andA’on Strouhal num-

numbers are typically of order 0.7 which is consistent W'thberfL/U are shown by the solid curves in Fig.(bDfor a

Strouhal numbers observed for shallow cavities at very IOWcavity of aspect ratid/L = 1. It is easily verified that energy
Mach numbers.

is absorbed from the applied pressure gradient by the mean
flow whenA’>0, i.e., forfL/U less than about 0.9. How-
IV. THE SHALLOW WALL CAVITY ever, the motion is unstable, i.®(w) is singular in Imw

At low Mach numbers the problem of sound generation™ 0: since it may be verifieq that the computed vglues of
by flow over a wall cavity whose depth is very much I''(@) andA’(w) do not satisfy the Kramers—Kronig for-
smaller than the acoustic wavelength is similar to that conMulas(?). _ _
sidered above for an orifice in a rigid wall. Most experimen- ~ 1he behavior oD () for complexw can be estimated
tal investigations have been conductedMi= U/cy>0.2, by using the rela_ltloné3_) to derive an analytic approximation
and are relevant to vibration and buffeting problems encoun®f the type(9) (in which « must be replaced bws/U, s
tered by aircraft® =1/2L). The broken. curves in Fig. 10) represent a four-

At low frequencies the cavity might be expected to be-Pole analytic approximation with parameters
have like a Helmholtz resonator, with a monopole radiationy, = —5.5, ;=15 B;=4.5; a,=—14, k,=2,
field of the type(3). At very low frequencies, however, the (33)
fluid in the cavity is effectivelyincompressiblethe volume
flux Q—0, and the monopole strength ultimately vanishesP2= ~ 1.5 @,=0, n>2.

To fix ideas, consider the excitation of low-frequency oscil-There are two poles in the upper half planessf U= *2
lations by low Mach number flow over a square edged cut+ 1.5, which correspond to a mode that grows exponentially
out illustrated in Fig. 1(), and take the coordinate origin in like exp{1.5Ut/s}, and oscillates with Strouhal number

herel’” and —A’ are nondimensional real and imaginary
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Measurements of small-caliber ballistic shock waves in air

Roland Stoughton
Science Applications International Corporation, 10260 Campus Point Drive, San Diego, California 92121

(Received 10 June 1996; revised 14 April 1997; accepted 28 April)1997

Megahertz bandwidth pressure measurements of airborne ballistic shock waves from bullets are
presented which confirm weak-shock theoretical predictions of waveform shape, period, amplitude,
and the scaling of these quantities with shock propagation distance. Wavefront distortions and
amplitude variations are quantified versus shock propagation distances of 3—55 m and agree with
predictions based on linear acoustic propagation through simple turbulence models. Observed rise
times probably exhibit a mix of turbulence and molecular relaxation effects19@7 Acoustical
Society of Americd.S0001-4967)03808-3

PACS numbers: 43.28.Tc, 43.25.QCS]

INTRODUCTION I. WEAK-SHOCK PREDICTIONS

Ballistic shock waves from bullets present an interesting ~ S€veral projectile diameters and farther from the trajec-
test of weak-shock theories and recently have been exploitef?"y: the ballistic shock wave has attained a characteristic

through digital signal processing, to locate snifr@heo- N Shape, as in Fig. 1. Hence the name\'wave” which
retical modeling* of the amplitude and period of these 'S often used. This limiting form arises as fine structure in the

shocks, and comparison of observations with the predictednock wave associated with the projectile shape is swept for-

scaling relations were done in the 1940s. More recently, ward in time in the case of positive pressure perturbations,

Basset al® have measured these shocks with an emphasis O%nd back in the case of negative pressure perturbations, into

their rise time. Rise times of these shockass well as those 223/ tvevgo?j'_;_s'céntt;]lug'evjé\-/rehnge?elfa?ergsgurer:;ﬂgmﬂ% th
of aircraft sonic boom$,are significantly larger then pre- b bro) 9

dicted from viscosity and still air. Atmospheric turbulefice In’ur?:g;nrﬂerg’ gq'zg?fr;?ﬁ f:ﬁ?”;hezrtgﬁﬁgirgs’ iiggtrlc\)/la}ghre-
and molecular relaxatidrt®**have been used to explain this e 9 P

. . . sult with the finite-amplitude flow characteristic curves,
excess, and both are established as important meChan'Sn\]ﬁhith an? derives
We repeat some of the earlier ballistic shock wave measure-

ments, confirm quantitative agreement with the weak-shock 0.53Py(M?—1)18 d

predictions of shock wave period and amplitude, and also  Pmax™ b 27 1)
measure the effects of atmospheric turbulence on wavefront

shape and peak amplitude. Good agreement is seen between 1.8MbY¥* d

our observations of wavefront spatial distortions and peak T= c(MZ=1)3® |74 @

amplitude variations and the predictions of the theory of lin-

ear wave propagation through a turbulent medfdrithis ~ whereP, is ambient pressure arais sound speed.

theory should be useful for predicting the conditions under ~ Taking explicit account of energy dissipation, DuMond

which these wavefronts retain their integrity and hence whei§t al:* derive expressions which reduce to E¢. and (2)

they can be exploited for practical tasks like projectile track-for large b/d, but show steeper dependenciesRyf, and

ing and shooter localization. The linear wave theory also! On b for smallerb/d, where “small” is not determined.

matches the observed rise times; however, this may be forLheir observations do indicate a steeper dependence for the

tuitous since molecular relaxation probably is important, and@r9er caliber projectiles, consistent with the form of their

since finite amplitude effects in the shock propagation ma)predlctlons. Atmospherlc conditions, instrumentation proper-

inhibit turbulent thickening of the shock leading edd8. ties, and experimental procedure were not reported by Du-

Our intention is not to resolve the controversy over riseMond,et aI'. . .

times. Rather it is to present high-quality confirmatory mea- Rise t|me_of th_e I_eadlng_ and trailing edges of the

surements of the ballistic shock waveform dependence olyave due to viscosity is predicted to'e

miss distance, and novel measurements of the spatial coher- A P,

ence and amplitude variations of these shocks. t”se:E p_
In Sec. | we summarize the predictions of weak-shock max

theory for a still atmosphere. Observations are presented iwhere \ is the molecular mean free path=8x10 8 m.

Sec. Il and compared to these predictions. Section Ill disFor typicalpmax/Po>10"2 in the experiments this yields rise

cusses the effects of atmospheric turbulence and comparémes in the submicrosecond range. When molecular relax-

our observations of wavefront distortions and rise times withation effects are includet!! the predictedt . comes out

linear propagation theory. A discussion is given in Sec. IV,significantly larger than Eq.3), but still in the microsecond

and conclusions in Sec. V. range for small miss distances, leading to an experimental

)
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Data were collected in August 1995 at a local rifle range Microseconds

by firing past fixed condenser and piezoelectric microphonegg. 2. rResponses of different transducer types to the ballistic shock wave.
at known miss distances of 3—55 m. Data also were collectesl56-mm ammunition, 3-m miss distance. Data were digitized at 2-MHz
with condenser microphones at miss distances up t§2mple rate. Transducers are described in Table I.
~200 m at Camp Pendleton Marine Base, California, in Oc-
tober 1995. Although small-caliber ballistic shock wavesrivative of the long-discharge piezoelectric, and is particu-
were seen clearly out to shock propagation distances darly appropriate for measuring leading edge arrival times.
~300 m, quantitative analysis is limited primarily to the Au- Both have polarity reversed in Fig. 2. The two condenser
gust data set, for which ground interaction effects were muclmicrophone responses exhibit ringing associated with the de-
better controlled, sound channel focusing was much less unailed dynamics of the membrane, cavity, and protective grid.
certain, and which was taken at a higher digital sampling  Figure 3 shows piezoelectric responses for four different
rate. miss distances from 3 to 55 m, and illustrates the behavior
In the August data set, pressure signals were bursfpredicted in Eqs(l) and(2). Also obvious is the lengthening
digitized with 12-bit precision at 2-MHz sample rate over of rise time and increasing distortion of tié wave with
1-ms time windows. Experimental geometries were arrangethcreasing miss distance.
so that all shocks arrived at near-normal incidence to the For quantitative comparison with predictions of ampli-
transducers’ surfaces, fell within these time windows, whichtude and period, the condenser microphone responses were
were triggered by a condenser microphone just ahead of thesed since a more accurate factory calibration was available
sensors to be recorded, and were free of ground interactidior them. Period was measured as the time between the lead-
out to 20-m miss distance. The near-normal incidence angleéag and trailing edges, and amplitude as the intercet)af
were achieved through knowledge of muzzle velocity andinear fit to the linear descending portion of the waveform,
ballistic drag coefficient, and confirmed by arrival times atand (ii) the leading edge time. These quantities were insen-
our planar array. A horizontal linear arrangement of foursitive to the details of the ringing in the condenser responses
piezoelectrics was used to measure shot-to-shot wavefroiitustrated in Fig. 2. Observed shock wave amplitudes and
spatial distortions. Table | lists the sensor properties. Theeriods are summarized in Figs. 4 and 5. Behavior is very
piezoelectric sensors were mounted flush withx3 close to the nominal relations, Eq4) and(2). In evaluating
X 1/4 in. aluminum baffles. Figure 2 shows raw responsesl) and(2), we must calculate the Mach number at the point
for four different sensor types. The long-discharge-time pi-on the trajectory where that part of the shock wave is emitted
ezoelectric should most faithfully represent the early part ofvhich will eventually hit the sensors. This was done by mea-
the incident waveform. Departure of the later part of thesuring this velocity with a chronograph for several rounds
waveform from an ideaN wave at this small miss distance from the same ammunition lot. Measured velocity varied
probably is due to the finite baffle size. Intrinsic rise times 0f<2%, and agreed with Remmington’s ballistic data. Emis-
these piezoelectrics ar€1 us for normal incidence. The sion Mach was 2.7 for the 5.56-mm-diam and 1.9 for the
short-discharge piezoelectric response resembles the time dé62-mm-diam projectiles, for the ambient sound speed of

TABLE I. Properties of the different transducers.

Sensor ACO 7017 PCB 102A07 PCB 132A40
Type 1/4 in. condenser quartz piezoelectric  ceramic piezoelectric
Dynamic range 50-164 dB 131-205 dB 115-171 dB
Bandwidth 5-70 000 Hz 1-500 000 Hz 10 kHz—1 MHz (Long discharge time
60 kHz—1 MHz (Short discharge time
Rise time
Normal ~2us 2 us <1lus
Oblique 25us 8 us 3us
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would cause excess received amplitude, with this excess in-
creasing with miss distance. The influencec¢f) was not
addressed by DuMonet al. Without accurate synoptic mea-
surements of wind shear and temperature along the propaga-
tion path, we can only produce an order-of-magnitude esti-
mate of the effect. Taking the observed temperature values of
dcloz=—0.3 s'1, 9%c/9z°=0.3 m s ! gives an intensity
focusing which reaches double the free-field valueRat
=100 m, and the excess intensity scales as the square of
propagation distance. Also, ground interaction becomes sig-
nificant at the 30- and 55-m miss distances. We therefore
distrust the data points &= 30 m andR=55 m when trying

to make an accurate determination of the amplitude scaling
with range. Using the points &=3 and 10 m, however,
should keep the focusing effects at or below the 1% level,
and should have no ground reflected paths in the data time
window.

The effects of propagation uncertainties on perfodre
more complex. Again, we may take the 3- and 10-m points
as most reliable. The resulting estimates for the power-law
exponents are given in Table Il. Determinations are consis-
tent with the asymptotic ruleB,,,,~b~**and T~ b found
by Whithan? and DuMondet al?

Figure 4 shows agreement not only with the predicted
scaling relations, as was shown by DuMcetdal,* but with
the constant coefficients in E¢l), to within the =30% ex-

lines are predictions from Eq1). Numbers of data points varied from 3 to P€rimental uncertainties in amplitude calibration. Figure 5

6 at any miss distance.
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TABLE Il. Estimates of power-law exponents fqr,,~b" and T~b™  to the ~10% level. Here we present these estimates and

Data at 3- and 10-m miss distance only were used. Uncertainties represejy erpret them in terms of the effects of atmospheric tem-
90% confidence intervals, based on scatter of repeated measurements at eacL

miss distance. perature and velocity fluctuations, using a propagation theory
appropriate to linear waves and stationary atmospheric fluc-
Ammunition 5.56 mm 7.62 mm tuation statistics. In our experiment, the short horizontal
n —0.738+0.027 0.734+0.015 propagation path suggests a stationary model. Discussion of
m 0.230+0.018 0.249-0.012 nonlinear propagation effects is deferred to Sec. IV. We also

compare predictions of this theory to the observed rise times,

although this comparison is complicated by both nonlinearity

Eqg. (2) at 3- and 10-m miss distances. But these are in thend molecular relaxation.

opposite sense for the two projectile sizes. We have been |evels of turbulence were not measured during the data

unable to explain them as a measurement bias. collection, but we can make predictions with an assumed
To compare measured rise times with E2).we use the  spectrum using its level as a free parameter. We find that the

long-discharge-time piezoelectric responses and define olyhserved wavefront distortions, amplitude variations, and

served rise time to be the ratio of maximum pressure tQengthened rise times, and their dependence on shock propa-

maximum rate of increase of pressure, where this rate wagation distance all are predicted by the same turbulence

estimated by least-squares line-fitting the portion of the leadstrength and spectral shape.

ing edge between 10% and 90% of peak amplitude. This

procedure was found to be unbiased with respect to, ang\eT bul del

gave smaller variance in repeated measurements than, t urbuience mode

10%-90% rule with smoothing. Figure 6 shows that the ob-  We adopt a turbulence energy spectrum over isotropic

served rise times are an order of magnitude longer than theave number

weak-shock prediction, Eq3). As mentioned in Sec. |, a - 1

similar discrepancy was noted in the 1970s for aircraft sonic Fk)~k™%  ho<k <L, @

booms®’ molecular relaxation and propagation through at-where\, L are the inner and outer scales of the turbulence.

mospheric turbulence both contribute in amounts that depenld also is identified with the correlation length. Typical ob-

on the exact geometry and environmental conditions of theerved correlation behavior and fractional mean-squared

propagatiorf %% Reference 5 attempts to match small- sound-speed fluctuations® near the ground indicate®

calib_er_ ballistic shock ris_e times with molecular relaxationZ L~1 m, 10'<u?<10° 5/3<p<2,

obtaining order-of-magnitude agreement. However, their

agreement is the worst for their indoor data set where turbuwherep=5/3 is the Kolmogorov spectrum anp=2 arises

lence is effectively absent. Deducing the physical mechawhen the turbulence is composed of random vortex sheets.

nism is complicated by the roughly similar trend of rise time For this range in the exponept results are not very sensi-

with propagation distancédecreasing peak pressurpre- tive to the inner scal@,.

dicted from molecular relaxation to that predicted from the

accumulation over distance of turbulence effects. Further disg gaturated and unsaturated regimes

cussion is given in Sec. IV.

The mechanics of converting a turbulence model to pre-
IIl. EFFECTS OF ATMOSPHERIC TURBULENCE dictions of wavefront distortions are well establisHédA

L . very condensed discussion will be repeated here. The con-
Our measurements support estimation of wavefront dis;

torti d 10 the- 1 level and litud i trolling parameters, usually denotebl and A are, respec-
ortions down to the-1-us level, and ampiitude vanations tively, the rms phase fluctuation due to sound-speed fluctua-

tions integrated along a line from source to receiver, and a

100 ] measure of the average number of independent fluctuations
. % ] present in a Fresnel zone centered on that line. We*have
) t
b3 % 22,20 |
g 10 | d°=ggu°R p(u)du, (5)
€ f h
E A=R/6L?q,, (6)
E 1 i‘ St - E whereqqo=2f/c, f is frequencyR is the propagation dis-
o % P ] tance, andp(u) is the correlation function, normalized so
e ] that p(0)=1. Forp=5/3, Eq.(5) becomes
0.1 T . H " ' 2220 42,2
1 1o 00 D2=0.405°RL 7
Miss Distance (m) The most fundamental distinction in analyzing the propaga-

N g tion for any R, f, p is between “unsaturated” regimes,
FIG. 6. Rise time ofN wave versus miss distance, 5.56-mm ammunition. p/4 ; ina i ;
SO . ; ’ < -
Dashed line is prediction from E@3), which assumes a homogeneous at- where @A 1 and geometrical optics is a good approxi

o “ ” H /4 H
mosphere. The observation at 200-m miss distance comes from the Octob@??uony and Saturated regimes, whedeA P> 1 an.d SIg-
1995 data set with condenser microphones and 100-kHz sampling. nificant amplitude fluctuations and waveform distortions
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This is illustrated in Fig. 7. Using.?= 10" ° for example we
599 that at _propaggtlon dlstanceﬁc_) m th§~ MHZ fr?q“e“' FIG. 8. (a) Residual shock wavefront distortions with respect to a plane
cies associated with the shock discontinuities will be satuwayefront passing through the two end-point sensors in a four-sensor hori-
rated. The slight distortions of the entire waveform seen irgontal array. 30-m miss distand) Combined variance of the two middle
Fig. 2 at the larger miss distances also are consistent with ag§nsors’ residual arrival times versus miss distance. Dashed lines are pre-

. . dictions from Eq.(12), for two different assumed turbulence strengths.
approach to saturation for frequencies~010 kHz at ranges

~60 m indicated in Fig. 7.
Utz represents the total variance in acoustic travel time along

a ray path from source to receiver(AXx) is the correlation
of this delay in the transverse direction.

Because the dominant wavelengths in the shock wave- Equations(10) and(11) were derived for a point source
form are clearly unsaturated R<60 m, we may use geo- and receiver. Our shock wave is generated by a moving
metrical optics approximations to compute arrival time vari-source and exists as an expanding conical wavefront with the
ance and covariance between sensors. For separatiopjectile at the vertex. Coherences over separations in a
transverse to the propagation direction we find arrival timeplane containing the trajectory therefore may be better pre-
covariance’ dicted based on a line source than a point source. This would
RL Ax)5/3 affect the numerical coefficients in Eq4.0), (11), (13), and

C. Wavefront coherence

DZ=E[(r(X)— 7(x+ Ax))?]=2.2u% — | — (14). However, conclusions will be insensitive to this change
co L since we will inferu? from the data. Therefore the calcula-
No<Ax<L (10) tion§ in Rgf. 17 have not been redone for a line source or
moving point source.
Observations of horizontal coherence were done by fir-
ing repeated shots at the same nominal geometry about 2 s
(11)  apart past a 1.5-m horizontal array of four short-decay piezo-
electric sensors. The 2-s interval was chosen as somewhat
o o . longer than the turbulence decorrelation time for scales
These two precise limiting forms can be joined with the _ 1 m in the light winds(1 to 2 m/$ present during the data

) RL
20.8/.L F’ AXNL,

where these have been derived for the gase/3.

approximation collection. To compare observations with theory, the shot-to-
D2=202(1— p(AX)), (12)  shot variation in wavefront tilt had to be removed from both,

since in the data this was contaminated with shot-to-shot

where variation in bullet velocity and trajectory. This was done by
RL replacing the four arrival times with their residuals from a

o{=0.4u” = (13) line through the two end-point sensor arrival times. The two

end-point times then become zd#€ig. 8@)]. The variances
pr(AX)=(1+2.75 Ax/L)%3) L, (14)  of the two nonzero times were then compared to predictions
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boundary is at a vertical coordinate of 0.25.
E. Rise times

[Fig. 8b)], where the predictions used E¢%2)—(14) to ex- A rough prediction of shock waveform rise times due to
press these variances as a linear transformation of the covairbulence can be made by arguing that all frequencies
riance between the four sensors. The inferred levgkofs  greater than the saturation frequency have their relative
7x1077, consistent with other observations in similar phases scrambled and cannot contribute to a sharp leading
conditions™® Our data were collected over sand in full sun edge. This suggests
during late-morning hours, in very light winds, with an am- o1
bient temperature of-40 °C. trise™ fsa (18)
with fg, from Eq. (8). More sophisticated calculations of
linear-wave pulse spreading are possifileut are not sup-
ported by our environmental data. The predictions using Egs.
(8) and (18) are plotted with the rise-time data in Fig. 10.
Using the spectral level inferred in Sec. Il C from the Here again we set?=7x10"’ as inferred from the wave-
arrival time variations we can predict the amplitude fluctua-front coherence measurements, and takel m. At the
tions and rise times. Variance of I¢ggmplitude is related to  shortest miss distance the observed rise time is set by the

D. Amplitude fluctuations

A, @ as’ sensor response rise time ofl/2 us. The data point at the
) L x o2 largest miss distance is from an October 1995 data set, in
Tloga™ APD (19 which propagation was across a valley, farther above the

ound and therefore in weaker turbulence than the other

ta points which were from the August data set. The pre-
diction therefore fits the data quite well where it should, and
much better than the predictions for still air, E8).

and is equal to 1/4 at the boundary between saturated a
unsaturated regimes. Usirt§) and(6) we find

Tloga=0.021 " 2%, 2R 27fo /)™, p=3,  (16)

which depends explicitly on frequency. By using data from)y. pISCUSSION

the short-discharge-time piezoelectrics, we can arrange a _ ] _
well-defined characteristic frequenty for the observed sig- The consistency of the observed wavefront distortions
nals so that data may be compared with). The frequency and amplitude variations with turbulence predictions using
response of these piezoelectrics is bounded below by th@hly the one free parameter® suggests that the theory is
discharge time and above by the rise time. Defirfiggs the ~ aPpropriate for these observables and that the actual sound-

: _ ot 2 7 :
centroid of the frequency response we are able to derive SPeed variations had®~7x10"". Changing the assumed
spectral indexp, and correlation length within reasonable

foztal In(ty/t,), (17 limits would have changed the inferrgef, but would not
have affected the agreements between theory and data sig-

wheret, is the(exponential discharge time ant} the sensor nificantly.

response rise time. Examination of typical sensor responses The successful prediction of rise times may be fortu-
to shocks at small miss distance gives=4 us, t, itous, since molecular vibrational relaxation effects are pre-
=0.5 us. Substituting Eq(17) into Eq. (16) we compare dicted to be significant, and since the wave is nonlinearly
with data as shown in Fig. 9, where amplitude has beemound. The only data set comparable to ours which elimi-
measured as the peak in the response, and the curve repretes the effects of turbulence is that from “range 4" given
sents Eq.(16). Evidently the predictions based on spectralin Ref. 5, which was an indoor range. Those rise-time data
level inferred from the wavefront coherence measurementdo not correlate well with the authors’ predictions based on
are a good fit to the observed amplitude fluctuations. vibrational relaxation. The authors attribute this to an instru-
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mental rise-time response limit of 2s. However, a limit of  'G. L. Duckworth, D. C. Gilbert, and J. E. Barger, “Acoustic counter-
2 us does not explain the discrepancy between their “range,sniper system,” Proc. SPIB93§ 262-275(1996.

" : : R. Stoughton, “SAIC SENTINEL acoustic counter-sniper system,” Proc.
4" data and the theory. More recent modeling of rise fitne SPIE 2938 2762841996,

COUp“ng_ the. nonlinearity with mp!e_CU|ar rela)_(ation _ShOWS 3G. B. Whitham, “The flow pattern of a supersonic projectile,” Commun.
longer rise times and large sensitivity to humidifyaction Pure Appl. MathV, 301-348(1952.

of air made up of water moleculesvhich might be capable 43- :’V M. E:_UMO?‘:H ER Cfohe”’ W-dKI- H. Pfa”OfSky' 'i‘_”d E. Eg,ed_s' "tA
.. . . . etermination O e wave Torms and laws of propagation an ISsipation
of explaining our observations without turbulent spreading. of ballistic shock waves,” J. Acoust. Soc. A8, 97—118(1948.
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sound in the ocean-surface bubble layer
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Measurements of the ambient sound generated by breaking waves over the range 40—20 000 Hz
reveal well-defined spectral peah3. M. Farmer and S. Vagle, J. Acoust. Soc. A86, 1897-1908

(1989], suggesting the modulation of the ambient sound by the waveguide formed by the
ocean-surface bubbles. The measurements show that the sound-speed profile in such a waveguide
may be modeled by an exponential form. The theory of the waveguide propagation of the ambient
sound is considered. It is shown that the sound propagation in the ocean-surface waveguides bears
analogy with that in the optical waveguides formed by diffusion and can be solved analytically in

a simple form. The cutoff frequencies of such waveguides are determined by a simple equation that
incorporates only the waveguide parameters. Theoretical predictions of the spectral peaks, which
seem to be associated with the modal cutoff frequencies, are compared favorably to the
observations. Moreover, the present results are compared to the previous theory base on the model
of inverse square sound-speed profiles in great details. It is shown that, although the two profiles are
almost the same shape in the cases considered here, the sound propagation in the two waveguides
is rather different. It is shown that the normal-mode propagation in the inverse square model is very
sensitive to both source and receiver positions in addition to the waveguide parameters, and
different modes can overlap, thereby making data fitting difficult. On the other hand, in the
exponential model, the sound spectral function depends mainly on the waveguide parameters, e.g.,
sound-speed anomaly at the surface andettfi@ding depth. Therefore the distinct spectral peaks
observed are a stable prediction from the exponential waveguide model. The simplicity and the
stability of the results can help solve the inverse problem, that is, “given an observed distribution
of spectral peaks, can the bubble distribution be inferred?”1997 Acoustical Society of America.
[S0001-49667)00408-9

PACS numbers: 43.30.Bp, 43.30.Nb, 43.30[1EM]

INTRODUCTION respectively. The measurements of the ambient sound gener-
ated by breaking waves over the range of audio frequencies
Naturally generated ambient noise in the ocean may beeveal well-defined spectral peaks, the frequency of which
created by breaking waves. The ambient sound can be usggay remain generally consistent from one breaking event to
to infer the extent of the near-surface bubble layer throughhe next, but which can change significantly over the course
the observed masking of higher acoustic frequentimsk-  of a storm, or from one storm to another.
ing it a useful probe for studies of many upper-ocean pro-  As discussed by Farmer and Vaglé, seems unlikely
cesses including gas transfer, ocean-surface turbulencgat this previously unsuspected coherent fine structure in
Langmuir circulation, and internal wavés' sound spectrum arises from coherent features in the sound-
Recently, elegant observations of ambient sound in thgieneration mechanism or fluid mechanical behavior of the
ocean-surface bubble layers have been reported by Farmgfeaking event; rather it is proposed that the explanation of
and Vagle’ The observations were obtained with a self-these features lies in the modification of the sound by the
contained acoustic instrument that is deployed in the Opeﬂear_surface bubble |ayer’ i.e_’ normal-mode wave propaga-
ocean as a drifter suspended from a surface float by a rubbgpn. Thus a theory for waveguide propagation of the ambi-
cord so as to decouple it from effects of wave motion. Theant sound has been proposed by Farmer and \ased on
instrument incorporates a broadband hydrophone to recorghe concept of the trapping of a portion of the sound in the
the ambient sound, and a multifrequency inverted eCthaveguide formed by the ocean-surface bubble layer.
sounder with which to observe bubble clouds, allowing cal-  Tpe present paper is a continuation of our previous
culation of the resulting sound-speed profile. The observastud)ﬁ of the sound propagation in the waveguides formed by
tions were obtained in the FASINEX study approximately,,pples which are entrained into the ocean by breaking
200 miles SW of Bermuda and also moored in 140 m of,53ves. The purposes of this paper ai®: to further study
water on the La Perouse Bank west of Vancouver Islandyhe normal-mode propagation in the ocean surface; particu-
with the instrument at 24 and 14 m beneath the surfacany we will consider propagation of individual mode®)
to compare two similar waveguide models, namely, the ex-
dElectronic mail: zhen@joule.phy.ncu.edu.tw ponential waveguide and the inverse-square waveguide; and
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(3) to compare results from the two waveguides with thewhere the term®,, refers to effects of cylindrical spreading
observations. In this article, we examine the theory and shownd the eigenfunctiong,, satisfy

that the waveguide propagation of the ambient sound under 42 5

the discussion bears analogy to the optical waveguides _+( ) —K2
formed by diffusion which was first discussed by Conwell dz*  \c(z,0) i
and recently improved by the auttfwhen the sound-speed in which k,, is a constant. The boundary conditions include
a pressure release at the surface taken as the originzwith

Fn(z):O1 (3)

profile in the bubble layer is modeled as an exponential form
't. has been_ shown that such a waveguide p“’b'e_“? has 'ﬂcreasing upward, and that the solution must vanish at great
simple solution. We show that the number and positions Otjepth:

the well-defined spectral peaks can be determined by the

waveguide properties through a simple equation, yielding fa- F,(0)=F(z— —®)=0. (4)
vorable agreement with the experimental data. Moreover, in In principle, eigenequatior(d) with arbitrary sound

his comprehensive paper, Buckinghfahas shown that the d brofil Vb ved ically. S .
sound-speed profile for the ocean-surface bubble layer ma eed profiles can only be solved numerically. Some numer-
al computation methods have been presented in a recent

also be fitted with an inverse-square form; and it has bee Kby J 112 1 ; in simol il
argued that the theory based on the inverse-square soun Q0K by Jensest al.” However, for certain simple profiles,

speed profile can also interpret the experimental data. ConfXact solutions can be obtained, including the step-change,

parison is thus made between the two profiles in great detaip'ece"w'lsle9 7 8I|near, inverse-square, —and  exponential
978|n the measurements of Farmer and Vavjie,

It is shown that, although the two profiles have some simipmf'les'h h d d profiles for th
larities in shape, the acoustic transmission in the two cases Reems that on average the sound-speed profiles for the near-

rather different. It is argued that the inverse-square modequrface bubble layer have exponential nature. Representative

may not be appropriate for explaining the well-defined SpeC_measured profiles of the sound speed have been presented in

tral peaks observed in the experiments. Since the ocean isFég' 7 In Farmer and Vaglté,in which exponential_curves
complex system, different sound-speed profiles may be es'2Ve been shown to best fit the data. The resulting sound-
tablished under various conditions. Therefore the study O§peed profiles can be expressed in the form
the waveguide propagation in this paper should not be con-  ¢(z)=c,~ Ac exp(—|z|/d), (5)
sidered as inclusive.

in which ¢, is the constant sound speed at great defthis

the surface sound-speed anomaly, ahds the e-folding

|. WAVEGUIDE PROPAGATION IN THE OCEAN- depth. Given the above sound-speed profile, the normal-
SURFACE BUBBLE LAYER mode wave propagation of the ambient noise is analogous to
A. Cutoff frequencies the optical wave propagation in waveguides formed by dif-

o fusion in semiconductor surfadesand can be solved
To simplify the problem, the presence of the surfaceyngytically® It can be shown from statistical mechanics that
waves is neglected and the ocean surface is assumed to bga most probable depth distribution of bubbles is exponen-
flat pressure release surface; moreover, the range dependerﬂ%qz, consequently the sound-speed profile is expected to be
is also ignored. These approximations are justified becausegonential as well because the sound speed depends on the

typical surface wavelength is of the order of 20-100 M,y pple concentration linearly for low volume fractictighis
while the verticale-folding scale of the bubble clouds is of 4y support the observations of Farmer and Vagle.

the order of 2—-3 m. Inclusion of surface waves and the situ- "RecognizingAc/c;<1, we can express the solutions to

ation right at the wave crest would form a complicated prob-Eq_ (3) with the exponential profile in terms of Bessel
lem of rough waveguidé8 and will be the subject of future  fnctiond:8

work.

Although some of the results below have been presented  Fn(2)=AJ, (¢ exp(—|z|/d)), (6)
in Refs. 6 and 8, we purposely give some details for the ) ] )
reader's convenience. Moreover, through these details, thénered, () is the vqth order Bessel function of the first
question of how to do inversion will have a clear answer.kind, and the parametets, and ¢ are defined as
First we consider the eigenproblem. Under the above simpli- °
fications, the inhomogenous wave equation for a layered vﬁ=4d2(k§n—k2), with k= —, (7)
waveguide can be written in the cylindrical coordinate’s as C1

19/( 4 . & e 2
ror \"ar) " a2 c(z,w)
wherer is horizontal rangez is the vertical coordinates is
the sound speed, and is the radian frequency. For the

normal-mode wave propagation in the waveguide, we can Jyn(§)=0. (9)
write the sound pressure field in the forth

and

z0)=0, (1
p(r.z,w) @ £=2kd(2Ac/cy) Y2 ®)

The normal modes are determined by the eigenequation

Here we note that, due to the boundary conditiansmust
p(r,z w):z R,(r)F.(2) ) be positive. Not recognizing this would lead to an overesti-
T woo mate of the number of the normal modes.

789  J. Acoust. Soc. Am., Vol. 102, No. 2, Pt. 1, August 1997 Zhen Ye: Noise in the bubble layer 789



In Ref. 5, the authors solved eigenequati®nby letting TABLE I. Cutoff frequencies for the La Perouse and FASINEX examples.
v, equal 0. The resulting equation is

Mode La PerouséHz) FV1(Hz) FASINEX (Hz) FV2(Hz)

Jo(£)=0, (10) 1 3006 3000 1244 1314
which vyields zeros at=2.405, 5.520, 8.654,..., which the g 11782 gﬁg iggg ii?)g
authors claim to correspond to the observed frequency bands 4 15 030 13333 6222 5857
(see Table Il in Ref. b Obviously, these solutions are inad- 5 19 039 17 380 7881 7447
equate because the zeroth-order Bessel function of the first 6 23 047 21225 9540 9213
kind does not vanish as the argument approaches zero, and 7 11 200 10440
therefore cannot satisfy the correct boundary condition at 9 ii gig E ggg
great depth, i.e., Eq4). 10 16 177 15164

The eigenequation if9) can be encountered in many 11 17 836 17 149
physical problems. To cite one example, we mention the 12 19 496 18 993

guantum mechanical problem of the neutron—proton
interaction®® The interaction potential can be approximated
by an exponential function. Solving the ScHinger equa- 1 ci\[ ¢ \¥?
tion for such potential would lead to an eigenequation which fn:(ﬂ) fn(ﬁ) (m)

is exactly the same as E¢P). The solutions are called the 7
bound states. Nuclear scientists try to infer the potential form _& (i) (
from counting and analyzing these bound states. 4d |\ 2Ac

tThe nurr;t;ertrc])f normta)ll mc;)jdes Ithe v¥aveg#|dh(3 wil SUP Here we see that two adjacent bands are separated by a con-
por. IS equa. 0 the number al, values for W. Ic ”n(g) _ stantc,/4d(c,/2Ac)*? for nondispersive waveguides. When
vanishes. This problem can be solved analytically by usingyayeguides are dispersive, the terms on the right-hand side

n—Z), n=1,23... . (15

the asymptotic expansion for the Bessel functfon of Eqg. (15) will depend on the frequency, and the cutoff
J,(&) =~ \2lm(&2—v?) Y4 cod VE— 12— v gggzggﬁles should be obtained self-consistently from the
X cos Y(v/&)— wl4]. (11 Consider applying the above results to the observations

It was suggested in Ref. 8 that the asympotic expansior'wn the FASINEX and the La Perouse Bank studies by Farmer

in Eq. (1) can be used to obtain the eigenvalues pe., and Vagle> The representative sound-speed profiles were

B ' . : presented in Fig. 7 of Farmer and Vagle. An interesting fea-
J,(£)=0. We find that the eigenvalues of are determined ture from the measurements is that golding depthd is

by rather consistent parameter of approximately 1.4-1.5 m.

VE— 12— v, cos Y(v, /&) — mld=(n+1/2), This feature has also been mentioned in a review article by
McDaniel®® It is also worth noting that the parameteks

n=0,+1,+2,.... (12 andd seem less dependent on the frequency at low frequen-

cies(Refer to Fig. 7 in Ref. b
The results show that in the La Perouse case the surface
osn<¢/m—3% (13)  sound-speed anomal§c and e-folding depthd vary only

_ _ _ slightly with the frequencies and the sound-speed profile can
from which we see that in order for the guide to support at,q roughly fitted by

least one normal mode, must be great than7@d/4. Sincen

Further calculation leads to an elegant fornfula

must be an integer, we conclude from this relation thaan Ac=2.9 m/s, d=1.43 m. (16)

take any integral value if0,§/m—3/4), including zero. On the other hand, in the FASINEX case the waveguide

Therefore the number of modeNl) is given by parameters4c,d) do depend on the frequencies rather sig-
N=1+I, (14  hificantly. For example, we havic=14.3 m/s,d=1.56 m

for f=40 kHz, andAc=19.0 m/s,d=1.42 m at 5 kHz. This

wherel is the integer formed by truncating the value result-shows significant dispersive features in the FASINEX case.
ing from &/ 7—3/4. Equation(13) shows that the minimum At this stage, it is impossible to study the dispersive features
normal mode that the guide can supporgjg,=3n/4, and  in full scale because of the lack of data. In this article, we
that the number of normal modes will increase by one whesimply take the assumption of Ref. 5 that the waveguide is
£ increases byr. It is interesting to note that both734 and  nondispersive and the sound-speed profile can be fitted by
7 are two mathematical numbers that do not depend on the

waveguide parametersc andd. This is a unique feature for Ac=19.0 m/s, d=15 m, 1n
an exponential waveguide. Howeverdoes depend on the for FASINEX. From Fig. 7 in Ref. 5, it seems that the pa-
acoustic frequency and the waveguide parameters; and in thlametersAc andd are less sensitive to the frequency at low
dispersive case these parameters are usually functions of tfrequencies, thus implying that the theory is more accurate at

frequency. the low frequencies.
Accordingly, the cutoff frequencies for the normal In Table |, we present the theoretical prediction of the
modes can be determined nicely by cutoff frequencies from Eg.(15. Here we usec;
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address the sound generation in the bubble layer; rather we
assume a simplest acoustic source and investigate how the
sound should propagate. Since the surface waveguide may
also be modeled as an inverse-square form, as shown by
Buckinghant it is therefore rather imperative to compare the
— Exponential profile ] two sound-speed profiles with reference to the experiments.
T lverse sauare profte These will be the focus of this subsection.

1500

rS
©
©

Sound speed (m/s)
»
o
«©

ry
©
~

1496 L L t L X
o Suppose an arbitrary acoustic sourpér,t), the wave
(b) Sound speed profiles for FASINEX equation can be written as

1505 T T T T T T T
S1500 (V2+k2)p(r):—4ﬁp(r,w), (19)
€
g 1408 wherek=w/c(z) and
< 1490 .
3 L - I N — i wt
T Erpmentelprone p(r,®) f dt e“p(r.b).

. S A formal solution to the above wave equation can be ob-
tained with aid from Green’s function which satisfies the
FIG. 1. Sound-speed profiles f¢a) La Perouse andgb) FASINEX from following equation:

exponential and inverse-square waveguide models. 2 2
(V+k)G(r,r"y=—47s(r—r'"), (20

=1450 m/s for La Perouse amg= 1500 m/s for FASINEX. and the boundary conditions stated earlier. Using Green’s
In the table, FV1 and FV2 are, respectively, for La Perousdheorem, the solution to E§19) can be written as
and FASINEX from Table Ill of Farmer and Vagte.

Inspecting the results in Table | and comparing them p(r)=f d3r’ G(r,r")p(r',w). (21
with the measurements shown in Fig. 10 of Farmer of
Vagle® we see that the cutoff frequencies may correspond td he sound power spectrum, defined(fs|®), can be calcu-
the spectral peaks in the observed sound spectra from indiated from the following spatial correlation function:
v!duql breaklng events. The agreement is remarkgble, COM (¢ ry=(p(r)pt(r"))
sidering the simple model employed. But we notice some

disagreements at high frequencies. The reasons for the dis- _ 3 43 t
crepancy may lie in the ignored dispersive effects and rough- = | dry drp G(r,r)GH(r',ro)(p(ry,@)p(rz, @)
surface effects. Although the cutoff frequencies can corre- (22

spond to the me_asured spect_ral peaks to_ gertain extent, tré\?r:r,, where(- ) refers to an ensemble average, and 1 for
theory would be incomplete without examining sound specype complex conjugate operation. The source correlation

rra. . , function {p(r,,w)p(r,,w)) is unknown. If we assume un-
Buckinghani has proposed an inverse-square sound-

: ; correlated random media, the source correlation function can
speed profile model to explain the observed data. The soun%—e written as
speed profile is written as follows:

0(2) = Co(1+ 22 (242712 18 (p(r1,®)p(rz,))=S(ry,w)8(r1=rp). (23

. » Substituting this relation into Eq22), we obtain
where the two parameters,z; are determined by fitting the
experimental data. They are as follows;=0.12 m, zg
=1.8 m, andcy=1500 m/s(La Perousg z;=0.297 m, z

zs=1.8 m, andco=1500.5 M/SFASINEX). Figure 1 shows 15y the above derivation, it is clear that the acoustic

the comparison between the exponential and the invers%'ource, represented by(F,t), can play a rather important

square sound-speed profiles. Here we see that the two are ifq i gefining the acoustic features of sound propagation in
fact very close to each other. The difference between the twg, o ocean-surface bubbly layer. Unfortunately, this source
is less than 0.03%. However, as will be shown in the follow-¢ tion is often unknown, although a few models have been
ing, the sound propagation in the two cases can be rath?froposed for sound generation in the bubble Idjefow-
different. ever, we recognize that Green’s function is another important
quantity that can provide insight to the wave transmission in
the bubble layer, as discussed in Ref. 9; it represents the
intrinsic response of a system to a point source. Therefore, to
In the last section, the eigenproblem of wave propagamake the problem manageable in this paper, it may be suf-
tion in an exponential waveguide was solved. In this sectionficient to investigate Green’s function and see how the
we shall consider sound propagation in the presence daicoustic wave propagates in response to a point source, fol-
acoustic sources. lowing the line of Ref. 9. The moral is that once Green’s
The sound generation in the ocean-surface bubble laydunction is obtained and the sound source function is known,
is a difficult problem. It is not the purpose of this paper tothe actual sound spectrum can be calculated. In this paper,

D(r,r’)zf d3r’ S(r',w)|G(r,r")|2 (24)

B. Sound spectra and comparison with the existing
theory
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Normal mode shapes as a function of depth
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FIG. 2. Normal-mode shapes as a function of the normalized depth. Here

£¢=10 has been assumed, which yields three normal modes.

we will consider Green’s function. A study of sound propa-

gation in the presence of a spatially distributed source in the

bubble layer will be the subject of a forthcoming paper.
The Green'’s function of the wave equation involving the

exponential profile can be solved following the standard

Fourier—Bessel transformation methbtf. For convenience,

we work in the cylindrical coordinates. For a point source at

(0,2p), the solution can be obtained as follows:

1 o
G(zr)=5 f_xdq Hg (anQ(z.a), (25

with H{P(qgr) being the zeroth-order Hankel function of the
first kind and

‘]U(t>)
J,(8)

X [HP(£)3,(t2)—3,(&H P ()],

wheret, refers to the smaller or larger valuestoandt,,
respectively. Here

t=¢ exp(—|z|/(2d)),

and

Q(z,q)=(—1)(2md)

to=¢ exp(—|zol/(20)),

2

v
2__ 12
g-=k +—4d2.
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FIG. 3. Sound spectrum as a function of frequency(8®rFASINEX and
(b) La Perouse. The horizontal stripes are experimental data from Ref. 5.
1
Hg )(an ) ’

7T2
E
(26)

wherev,, is the solution oﬂvn(§)=0, andN has been given
before. We note that in the exponential waveguide case, the
normal-mode index starts from=0, differing from the
inverse-square waveguide.

For the sake of comparison, we now write down the
solution to the inverse-square sound-speed profile as follows
[see Eq(310 in Ref. 9

vndy, (t0) 3y (DHI()
[03,(8)ov]],=o,

G(r,z)~ >,

n=0

A detailed derivation of the above result can be found in Ref.

6.
Using the well-known EJP cdf the integral in Eq(25)

can be decomposed into a branch line integral and a normafin(r,2) =

R NEETAIPEEAD )

mode summation, resulting from the residues on the complex

g plane. The branch line integral represents the contributions

from spectral components being evanescent in rasge,
e.g., page 125 in Ref. }12Since the recording hydrophones

are located outside the bubble layer, the contribution from
the branch line integral may be neglected. Therefore the re-

sulting Green’s function can be approximated as
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(a) FASINEX: Exponential waveguide {c¢) La Perous: Exponential waveguide
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FIG. 4. Magnitude of the normal modes in the theoretical sound spectrum as a function of freqae®e¥SINEX: exponential waveguide modebh)
FASINEX: inverse-square waveguide mod@l; La Perouse: exponential waveguide model; é&f)dLa Perouse: inverse-square waveguide model.

w=1/4— kzzf, rather quickly as the depth increases, and higher modes can
o . penetrate deeper than the lower modes. This figure also
and the roots of the characteristic equation shows that the energy is not necessarily only confined within

the e-folding depth, i.e.|z|/d=1.

Now we consider Green'’s function for the exponential
give the infinite eigenvalueg,, for modesm=1,2,3... . waveguide with comparison to that for the inverse-square
Here we takeQ as 47 to comply with the current definition waveguide. Unless otherwise notified, the following param-
of a point sourcdi.e., the result in Ref. 9 is multiplied by a eters are used for numerical computation: source degth
factor of 4r.) Here we see that a striking difference between=1.5 m, horizontal range=10 m, and sound speed at large
the exponential waveguide and the inverse-square waveguidiepthc= 1500 m/s® and the receiver depth at 14 m for the
is that, at a certain frequency, the exponential waveguide caba Perouse and 24 m for the FASINEHere a note should
only support a finite number of normal modes, while thebe made: Since in this subsection we emphasis on the com-
inverse square can support an infinite number of normaparison between the exponential and inverse-square profiles,
modes, although not all these normal modes are importantwe have takec=1500 m/s even for the La Perouse case,

First let us look at the normal-mode shapes as a functiofollowing Ref. 9. This differs fromc= 1450 m/s, the number
of depth in the exponential waveguide. From the last subseave have used earlier. In Fig. 3, we plot Green’s function as a
tion, the normal-mode solution is proportional to function of frequency for the FASINEX and La Perouse
J, (¢ exp(=|Z/d)). As an example, we considér=10. In  cases. In the diagrams, the solid lines refer to the exponential
this case, there are three normal modes that the waveguideaveguide results and the dashed lines refer to the inverse-
can supportv,=6.09, 3.19, 0.89. In Fig. 2, the normal- square waveguide results, respectively. Here we see that in
mode shapes have been plotted as a function of normalizeétie exponential profile case, well-separated bands appear for
depth (z|/d). Here we see that the normal modes decayboth FASINEX and La Perouse cases; while in the inverse-

H. (72 =0
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(@) FASINEX case: Exponential waveguide (c) La Perouse case: Exponential waveguide
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FIG. 5. Sound spectrum as a function of frequency for two receiver de@h§ASINEX: exponential waveguide modeél) FASINEX: inverse-square
waveguide model{c) La Perouse: exponential waveguide model; é&fjdLa Perouse: inverse-square waveguide model.

square guide, more peaks appear. For example, in thevents are reported for each location, respectively. Here we
FASINEX case, 10 peaks appear below 10 kHz in contrast tonly consider one event from each location. The inverse-
six peaks in the exponential waveguide; and seven pealsjuare waveguide theory also predicts some well-defined
below 20 kHz in the inverse-square profile, compared to fouspectral peaks for the La Perouse case, for a particular source
peaks in the exponential waveguide for the La Perouse casdepth. According to the inverse-square theory, the appear-
However, in both waveguides, the Green’s functions haveance of well-defined isolated spectral maxima in the La Per-
the same order of magnitude. We compare the results in Figause is fortuitous in the inverse-square model. As will be
3 with the experimental results shown in color in Fig. 16 of shown later, the overlapping of different normal modes in
Farmer and Vagle.The reader is suggested to refer to thethe inverse-square model may smear out the band structures.
original data in Farmer and Vagle. The experimental data artn the FASINEX case, the inverse-square theory predicts
presented as the horizontal stripes in the present figure. Thaore peaks, and some spectral peaks are so closely spaced
first spectral data for La Perouse and the second spectral datzat they have been depicted as horizontal stripes in Ref. 9 to
for FASINEX are chosen for the comparison. It appears tdit the observed spectral maxima.

the author that some well-defined isolated frequency bands We can investigate the contribution from each normal
do appear and seem to correspond to what the exponentialodes. Diagrams in Fig. 4 show the normal-mode contribu-
waveguide theory predicts. Although the peak positions irtions. Here we see clearly that in the exponential waveguide,
the La Perouse case are not exactly at the positions predictedch well-separated spectral band is actually given by indi-
by the exponential theory due to the choice of waveguideridual normal modes, and there is no significant interference
parametersthe reason has been given eajlighe separation between normal modes. Only in the La Perouse doesthe
between the bands is remarkably consistent with the predic=2 mode overlap very slightly witln=3 mode at the tail

tion of the exponential theory, in contrast to what the[Fig. 4(c)]. The vertical lines in Fig. @) and(c) refer to the
inverse-square model predicts. In Ref. 5, three breakingutoff frequencies derived using the theory developed in the
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{a) FASINEX: Exponential waveguide (c) La Perouse: Exponential waveguide
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FIG. 6. Sound spectrum as a function of frequency for two source de@h&ASINEX: exponential waveguide modelb) FASINEX: inverse-square
waveguide model(c) La Perouse: exponential waveguide model; &fjdLa Perouse: inverse-square waveguide model.

last subsection. Here we also see that in the exponentiapectral bands seem insensitive to the receiver depth except
waveguide, although the cutoff frequencies are not at the¢hat the spectral peak magnitudes decrease with receiver
spectral peak positions, they are positioned only slightly todepth, as expected. Here we note that a side band appears at
ward the lower end from the peak positions, and the disthe fifth band in the La Peroug&ig. 5c)]. In the inverse-
placements are nearly identical. This supports the cutoff fresquare waveguide, things are different: The spectral struc-
quency theory, i.e., the separation of frequency bands can Rres can be altered significantly with changing receiver

meaningful parameter rather than the absolute position Orﬁwodel in spite of the additional bands, some bands may be
each band. The case with the inverse-square waveguide is ' '

rather different: The interference between different normal trrc_)us:(:n:ndbéerg(]ear:sji dazsfc;ng(I)ngnbr?r?s :;::f;ez; sgfalthe;?
modes is obvious and significant. Such interference is mucR- P y 9 wing P P

more pronounced in the FASINEX case. The final result is 4em for the different depths. For example, in the FASINEX

coherent summation of several normal modes. In additionc@S€lFig. 5(b)], the first three peakéhands for the receiver

each mode shows a multilobe structure, with more peakgt 25 M may be regarded as forming a strip; the stripe may

appearing in the higher-order modes, adding complexity tdook similar to the stripe which could consist of the first four
the problem". peaks for the case when the receiver is at 50 m. But, in Fig.

We can also study the sensitivity of the sound spectrun®(b) and(d), we do see the changes of the fine structures of
with regard to the receiver depth. Figure 5 shows the sounthe spectra. Since the exponential waveguide and the
spectrum as a function of frequency for two receiver depthsinverse-square waveguide are so different in spectral struc-
Here we see that in the exponential waveguide case, thirre, changes with regard to receiver depths, it may be worth-
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while to perform further experiments to determine whichbecause the waveguides is less dispersive at low frequencies.
model is more plausible. This helps solve the inverse problem put forth by Farmer and
In Fig. 6, we inspect the sound spectrum as a function o¥/agle®
frequency for two source depths. Again, in the exponential  The exponential waveguide theory has been compared to
waveguide, the spectral structures almost remain the sanibe existing inverse-square theory. It is shown that although
for the two source depths. However, for the case in which theéhe two theories can model similar sound-speed profiles, dis-
source is closer to the surface, the well-isolated peaks neartjnctive differences between the two remain. In the exponen-
have the same magnitude. In this case, because the sourceia waveguide(1) only a finite number of normal modes can
farther away from the receiver, the magnitude is lower tharbe supported at certain frequency in contrast to the infinite
when the source is at greater depth, except at the fifth bandumber of normal modes in the inverse-square waveguide;
In addition, the side band which appears at the fifth band if2) sound spectrum shows the well-defined and isolated fre-
the La Perouse case disappears when the source mowvegsency bands, in contrast to the interference between differ-
closer to the surfadd=ig. 6(c)]. For the inverse-square wave- ent normal modes in the inverse-square model; @hdhese
guide, at smaller source depths, the shapes of the sound speeell-defined structures are not sensitive to the source depth
tra also more or less remain the same. The magnitude of eactor the receiver depth; in the inverse-square waveguide
band is also almost the same, although a slight increase witlheory, the sound spectrum depends significantly on the
increasing frequency is noticeable. In this case, it may baource depth and the receiver depth. Further computation
rather difficult or arbitrary to group the spectral bands intoshows that the spectral structure is also not sensitive to the
different stripes as to represent the observed bands. horizontal range of the sourdeot shown herg It may not
From the above discussion, it is clear that the spectrabe possible to infer the position of acoustic sources using the
structureqshapeg of the sound spectrum in the exponential exponential waveguide theory.
waveguide seem to more rely on the properties of the wave- Finally, it is worth noting that, as pointed out by
guide; and in the inverse-square waveguide they are sensitiBuckinghant the spectral peaks may be smeared out to-
to both the waveguide parameters, and the receiver or sourggether, due to ocean fluctuations, in which case observations
depth. When an extended source is considered, the exponent-individual maxima could be the exception rather than the
tial waveguide is expected to retain the well-defined isolatedule. For these complicated situations, the exponential wave-
spectral structures, while in the inverse-square waveguidguide model fails.
these fine structures may be smeared out; therefore the well-
defined spectral peaks may not be predicted by the inverse-
square model. However, in the author’s opinion, the twoCKNOWLEDGMENTS
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This paper presents a study of low-frequency sound scattering by an air bubble near a flat
pressure-release surface. Using a self-consistent approach to describe multiple-scattering
interactions, and a monopole approximation for the individual scatterer, the complete scattering
amplitude for a bubble near a surface is derived. Radiation, thermal, and viscous damping effects are
incorporated. The method leads to simple theoretical expressions which show that the presence of
the surface modifies the resonance frequency and damping of the bubble, and modulates the
scattering amplitude. The analytic formula for the modified resonance frequency compares
favorably with earlier theoretical results, and with experimental data reported by M. Stradberg
Acoust. Soc. Am25, 536-537(1953]. At off-resonance frequencies, when the bubble is close to

the surface and thermal and viscous dampings are not included, the results obtained agree with those
of the modal series solution presented by Gaunaurd and HuERg J. Ocean. Eng0, 285-295

(1995]. The two methods disagree at resonance frequencies, however, since the present approach
predicts that the value of the scattering amplitude should decrease as the bubble is moved closer to
the surface. This feature remains even when thermal and viscous dampings are not included. When
the bubble is moved further away from the surface, oscillations appear in the scattering amplitude,
in full accordance with the Lloyd's mirror effect. @997 Acoustical Society of America.
[S0001-49667)06407-2

PACS numbers: 43.30.Bp, 43.30.Nb, 43.30[UHM]

INTRODUCTION Huang, StrasbePgnoted a peculiar feature of their solution,

Sound scattering by air bubbles near the sea surface hggmely that the peak values of the bubble scattering reso-

become a very important issue in a number of current relance function are shown to increase as the bubble is moved

search applications, including the modeling of scatteringdoser to thg fre.e. surface. This result seemsf contrary to what
from surface dwelling fish, and the understanding of oceani©@n® should intuitively expect. Strasberg attributes the appar-
fluxes and ambient noise in the upper ocean. The acoustft paradox to the S|gn|f|can? reduction in radiation damping
properties of an air bubble near a boundary were first studieyN€n other sources of damping are not included. In response
by Strasberd,who used an electrical capacitance method td© Strasberg, Gaunaurd and Huﬁ@;pressed their convic-
calculate the effects of both rigid and frgeressure-release tlpn that, by mcludmg the corrective effect of thermal and
surfaces on the pulsation frequency of a spherical bubble/iScous damping, the unexpected trend would be reversed.
The study of sound scattering by a spherical air bubble nedfowever, their exact method of solution may not allow an
a boundary was further advanced by Oguz and Prosperetti€asy inclusion of any mechanism limiting the magnitude of
who calculated the linear oscillation frequency of a bubble inbubble pulsations at resonance except radiation damping.
the vicinity of a slightly distorted plane free surface by a The work reported in this present paper stemmed from our
perturbation method, and Tolstdywho considered sound Motivation to consider this issue further, by including ther-
scattering by an air bubble near a thin elastic plate. mal and viscous damping, as well as radiation damping, in
More recently, Gaunaurd and Hu&myesented a bench- the problem.
mark modal series solution for the scattering problem of an It is instructive to note that although the modal series
air bubble adjacent to a pressure-release plane surface. Théplution obtained by Gaunaurd and Huang is valid for a wide
result is particularly significant, because it is valid for a widerange of frequencies, their consideration was restricted to the
range of scattering angles, frequencies, and distances bimportant low-frequency regime, where the acoustic wave-
tween the bubble and the boundary. The solution presentdéngth is considerably larger than the bubble radius. In this
by these authors is also exact, so that it may be used to verifpw-frequency limit, scattering by an air bubble is typically
alternative approximate solutions. However, it has the disaddominated by the radially pulsating “monopole” mode,
vantage of being expressed in terms of complicated couplingven when a boundary is nearby. The assumption that this is
coefficients, which are the solutions of an infinite, coupled,the case has provided the basis for many studigse, e.g.,
linear, complex equation, and can be found in terms of prodRef. 3) After careful study, we believe that the problem of
ucts of the Wigner-8 symbols? For this reason, the actual sound scattering by an air bubble near a free surface may be
computation based on the modal series solution may be quitgtudied to an adequately high level of accuracy by an ap-
tedious, as acknowledged by the two authors. proximate method which utilizes this assumption, at least in
In a recent comment on the paper of Gaunaurd andhe low-frequency regime. This regime is of particular inter-
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/ of incidence is described by the unit veckpr The incoming
plane wave is both scattered by the bubble and reflected from
Y the surface, as shown. Subsequently, the wave field scattered
from the bubble is reflected from the surface; while the sur-
face reflected part of the incident wave, in turn, undergoes
scattering from the bubble. This process is repeated many
times to establish an infinitely recursive pattern of rescatter-
ing and rereflection between the bubble and the surface,
- causing the scattering characteristics of the bubble to change.
The multiple-scattering process which ensues can be conve-
niently treated in a self-consistent manner.

d
d First consider the air bubble locatedrat The scattered
wave atr in response to an arbitrary incident wawgr) can
be generally represented®as
. A eiklrfrl\
ps(r)=f(ki Ks)pi(r1) T——- 1)
\ [r—r4q
Spherical air bubble Here f(k; ,ks) is a scattering amplitude operator dependent
on the incident and scattering directions, whierés defined
FIG. 1. Schematic diagram showing an air bubble near a flat pressureabove, an&s(:(r—rl)/|r—rl|) denotes the unit vector for
release surface. the scattering direction. The propagation wave number is de-
noted byk= w/c, wherew is the acoustic angular frequency,
est, because it is here that the strong monopole resonang@dc is the sound speed in the liquid. It has been shown in
behavior of bubbles occurs, by which acoustic scattering isnany studiege.g., Ref. 3that, in the low-frequency domain
greatly enhanced. This has important implications for fish(i.e., ka<1), the scattering function of an arbitrary scatterer
detection, and for the use of bubble population estimates tmay be represented by the superposition of a radiating mono-
infer upper ocean dynamics. pole and a dipole source. The latter, however, is usually neg-
This paper presents a study of low-frequency soundigible in the resonance scattering regime. Indeed, as shown
scattering by an air bubble near a flat pressure-release susy Twersky! the scattering amplitude operator can be usu-

face, based on the general method of images, and using thagly written as
self-consistent method for treating the multiple scattering of _ ) A A )
i . ( i )ZD(D—Z) (u )“
=1+ —D+|=—0—| ———+-+|=—

Pressure-release surface O X

acoustic waves pioneered by Twersky and othérhis A(R- K =

self-consistent scheme was also used by Tolstoy to study ' °’ 2kr 2kr 2 2r
superresonance phenomena in systems consisting of bubble ~ oA - -
doublets or triplets. An alternative self-consistent method XD(D—1-2)(D—2~3)~~(D—(n—1)n)
was used by Feuilladeto investigate the mechanism of n!
super-resonances. In this paper, the sound scattering ampli-

tude will be derived, incorporating radiation, thermal, and 4.
viscous damping. The formalism will be applied to several
examples, and the results compared to those obtained by pr\ﬁ/heref(k
vious workers. In particular, we compare our results to thosg.|4 and
obtained from Stras?‘erg’s analytic solutiband the exact ' L
modal series solutioh,n order to validate the present ap- A 2 . .

proach. A major advantage of the method presented in this D=7 6 [0+ Sin 6sd,,(SINn 65991,

aper is its simplicity, and the clear insight it gives into the, . .
gh)[jsical naturepof th)?s intriguing problerr? 9 in which 65, ¢ refer to the two polar coordinates for the

scattering directiorks. In the present case, the scattering
amplitude is dominated by the radially pulsatinge.,
I. THE ANALYSIS “monopole”) mode of the bubble, and can be considered
The problem considered in this paper is depicted scheiSotropic as long aka is smaller than about 0.35. This has
matically in Fig. 1. A spherical air bubble of radius is ref:ently been _shown to be true even for def_ormed bubfles.
located at a deptld beneath a plane, pressure-release surll IS worth noting that all of the cases considered by Gaun-
face. For convenience, the rectangular coordinate system f&rd and Huarttfall well within this limit. In this frequency
set up in such a way that the surface is in thg plane. The egime, the scattering amplitude can be approximated by
z axis is drawn vertically upward, and is shown passing Ed- (A6.1.20 in Ref. 11
through the center of the bubbland also through its image o a
reflected in the plane, of which more will be said lateks f(ki ks,r)~f= Py
conventionally assumed, a continuous plane wave is consid- o'
ered to be incident on this bubble from below. The directionwhere w is the resonance frequency given by

f(ki ko), )

i ,ks) is the customary scattering amplitude at far

()
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1 /37p0 response of the scatterer to the incident wave. Equating Egs.
pr

wo=7 (4 (8) and(9) we obtain
. . . N ik|ry—r:|
Here P is the hydrostatic pressure at the bubble’s location, 5 _% [ jo (4 A e ! 10
yis the specific heat ratigiaken as=1.4), andp, is the mass ' Pinc(1i) jsﬁ;:l Hri=rl ) (10

density of the surroundmg. liquid. The quantity is the_ . Applying the same procedure to the otHér-1 scatterers
frequency-dependent damping factor, a sum of the radiatioh. : .

: ] . yields a system of\ equations for theN unknown coeffi-
(6,), thermal (5;), and viscous §,) damping factors, i.e.,

cients A;. These equations were originally derived by
8=06,+6,+6, . (5)  Foldy® and later summarized by IshimdtuBy solving

The radiation damping factaf, =ka. The exact mathemati- them S|mu_ltaneously, the values of all the coefficients may
be determined.

cal forms and typical values of the other damping factors for Now let us return to the problem at hand. The total wave

air bubbles in water are given In Appencﬁx 6 of Ref. 11.' field incident on the air bubble consists of three components:
These forms are used later in the numerical examples du?é) the direct wave from the acoustic sourqagOX' (b) the

cussed in this paper. reflection from the surface of the direct wave from the source
Now let us consider the effect of the pressure-releas%

boundary, shown in Fig. 1, on the wave scattered from th Pr); and(c) the wave scattered back and forth between the

bubble. According to Brekhovskiklf, the effect of the ubble ade the surfe_xcep,(]), which we will represent here .

boundary can be represented by introducing an image bubbPey a muIt|pIe-scatter|ng process between the bubble and its
; ) : i mage. The first two waves can be representéd as

with opposite source strength, symmetrically posmoneaJ ]

above the surface. Therefore, writing the scattered field of pO=ekki e, (11)

the bubble generically as

and*
eik|r—r1| i

ps(r)=A T=r (6) p,=—elkkr Ty (12)
where the constark is to be determined, then the ScatteredWhere kr is the unit vector for the direction of reflection,
field of the image bubble is simply whose Cartesian components are given by

Vo elklr=ral (k)= (Ki)x, (kr)y:(ki)y: (k)= — (ki)

Ps(N="=A Ir—ra|’ ! From Eq.(7), the incident wave due to the multiple scatter-
wherer, denotes the position of the image bubble. Again, in9 is clearly
writing the above equations, all contributions from oscilla- giklri=ral g?ikd
tion modes other than the pulsation mode have been ignored. Pm=—A Tt Ao (13

To determineA we shall employ an elegant and general
self-consistent method, which has previously been used sudhe total field incident on the bubble is then given by a sum
cessfully by Tolstoy and Twersky to study multiple scatter-0f contributions from Eqgs(11), (12), and(13) as
ing processed! The brief description of this method which . . 2ikd
follows, it must be stressed, is not intended to be rigorous, p;=e'kkiT1—glkkr 1A ETR (14
but is aimed to convey the basic principles that underlie the
self-consistent approach. Consider a generic systerl of and this aggregate field induces scattering from the air
scatterers. The scattered wave from itie scatterer can be bubble as prescribed by E€L), i.e.,
represented quite generally as R i 2ikd\ aiklr—ry

i SYTIN PR
€ ' s 2d | |r—rq| "

(i=1,2,...N) (8)

Self-consistency requires that H45) be equated to Ed6),
and can clearly be written also in terms of the scatteringso that
function for this single scatterer as

(15

Ps=A =T

. . e2ikd eik|rfr1\ eik\r7r1|
ikr—r] fl ekkiri—glkkr i A =A , (18
i_z i © 2d | [r—ry r=r4]
ps_fi pinc |r_r_| ' (9) . - i .
! allowing the unknown coefficierfx to be readily determined,
where ie.,
N iK|r —r | ikk; -1y nikk, T
. [ f(e if1— g% 1)
i 0
Pinc= | Pinc(T'i) j;&%:l A |ri_rj| A l+f(62'kd/2d) 17
is the total wave field incident on the scatterer. This totalSubstituting from Eq(3), we find
field is the sum of the incident field when there are no other iKi - ik -1
scatterers and the scattered waves from the other scatterers. A _ a(e™h—e™r) (18

Note thatf; p!,. is only a symbolic notation to indicate the wol w?—1—i 6+ (a/2d)e?d’
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which is similar to the results found previously by Tolstoy In this formulationA= (p,/47)v = — w?(p,/47)v, and sub-

and Twersky'. stitution forv from Eq. (21), gives backA identically as in
Feuilladé has developed an alternative self-consistentq. (18).

approach to solve this problem. In his method, the scattering From Eq.(18), we see that ad—», A becomes

of sound by a spherical air bubble near a boundary is de-

scribed by using the concept of coupled oscillators. The a(eik%i-rl_eikﬁr-rl)

bubble is again driven into oscillation by three field compo- A= 2 7 1 i

nents which are, as befor@) the direct wave p?); (b) the @ol @

reflected wave ;); and (c) t.he wave scattered from_the and taking this into Eq(14), we find that the incident wave

bubble and reflected back to itself by the surfagg)( In his kit K )

approach, however, the effect of the total field is describe@n the bubble ig™i"1—e%"'1, i.e., the simple sum of the

by incorporating these three components additively as glrept wave and the reflected wave, mdlcatl.ng thaF t'he mter.—

composite driving term in Devin's “mass-spring” equation action between the bubble and the surface is negligible. This

for the monopole resonance of a bubbleincluding the IS the expected result a goes to infinity. It is also intu-
time-variances~'“! in the field terms, this procedure leads to itively clear from Eq.(20), since the modification to the
the following expression: “mass” term on the LHS also disappears wherbecomes

very large, and the equation reduces to that of an uncoupled
bubble in free space, driven by the direct and reflected waves

P . ik - iKK. - “iw
P {0+ 0o+ v} =—| (e 1—gkkiTy)giot as represented by the two terms on the RHS.
. When the air bubble is near the surface, the total scat-
. pe?kd tered field is the sum of the waves from the air bubble and its
~8md |’ (19) image, i.e.,
On the left-hand sidé_LHS) of this equationy is the differ- glklr=ral  giklr=ry|

ential volume(the difference between the instantaneous and Pscaf ) =A lr—rq Jr—ry /) (22)

equilibrium bubble volumes This parameter is defined to
represent the response of the bubble to the total incidenthen, substituting the general expression Aorfrom (18)
pressure field[i.e., all the terms on the right-hand side into this equation, we obtain

(RHS)]. The RHS terms are all preceded by a minus sign,

since a decrease in pressure results in an increase in the a(eik@i-rl_eik';r-rl)

bubble volume. The first two terms are jyst andp,, as Pscal 1) = 27— _ >ikd
defined by Egs.(11) and (12), respectively, with time- w/w®—1-i5+(a/2d)e
variance included. The third term represents the influence on eiklr=ra|  giklr=ry|

the bubble of its own scattered field after reflection in the
%16 which also ap-

[r=rq  Jr=ry| ) @3
surface. Note that this term contains ! 2
pears on the LHS,_and that its effect is modified by a pha.s%his represents the complete solution for the scattered wave
factor (i.e., =), which depends on whether the surface ISt om a bubble near a free surface

rigid (“ +") or free (" —"). After choosing the =" sign In the far field, wherer—o (so that [r—ryJ~

for this particular application, the next stage follows upon . /), the total scattered wave can be written in a
recognizing that both terms involving can be incorporated Sommléifelc,i-radiation form. i.o

on the LHS. This yields a new expression, i.e.,
ikr

2ikd 0 or e
Pi ae . . _ —ikKg Ty a—ikKg Toy —
m[ 2 i wsir ot Pacalr) = Ae s T1— e Kksa) — (24)
Kkore kK it wheres denotes the unit vector for the scattering direction,
=—[e*iTi—gKkrT]eT!ol, (20

andA is again given by Eq(18). To explore the features of
ghe scattered wave, it is convenient to define an effective

The advantage of formulating the problem this way become ) . .
g g P Y scattering amplitud¢F (k; ,ks)] for the air bubble near the

immediately clear. The interaction of the bubble with its own q
scattered field leads to a simple 2nd-order equation, with goun ary as
modified bubble “mass” term on the LHRf. Eq.(19)], and

only two driving terms on the RHS due to the direct wave psca{r)EF(ki ,ks)eik&rrl Kl

(p?) and the reflected wavep(). Assuming a harmonic so- r=r4

lution v =ve '*!, and substituting this in Eq20), gives the o . R ikr

following expression for the time-independent differential ~F(k; kg)e'kiTiikksry — (25

volumeu: r
which is a definition consistent with ER9) of Ref. 4.

: : ] 21 Equating Eqs(24) and(25) yields the effective scatter-
wil 0®—1—165+ (a/2d)e’™ 2y ing amplitude, i.e.,

o _(47Ta/w2pl)(eik&i.rl_eik&r.rl)
U:
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o (efikkgrl_efikﬂs.rz) other solutions involving complicated numerical computa-
F(ki ko =A _ tion. The modal series solution explicitly takes into account
glk(ki—kg)-Ty contributions from high-order modes, which could be impor-
tant in certain cases. The self-consistent method discussed
_ here has been specifically applied to a low-frequency case. It
B w3 w?—1—i5+ (a/2d)e?kd can be extended to higher frequencies, but in these cases the
A o scattering function for a single bubble cannot be generally
X (1—elkks (ri=r2)) (1 — gkl =K}ty (26)  approximated as isotropic. The reader may refer to Twérsky
for details. We will next examine the present results by sev-
gral numerical examples.

a

This relation, which is valid for continuous plane-wave inci-
dence, shows explicitly two effects of the pressure-releas
boundary:(a) the resonance frequency and damping of the

single bubble are modified by the factoa/2d)e” ? [see || THE NUMERICAL EXAMPLES

Egs.(14) and(15), respectively, of Ref. P and(b) the scat- '

tering amplitude is modulated by the reflection from the sur-  Let us first consider the effect of the surface on the
face. (N.B., the above equation does apply in the case ofesonance frequency. The frequency increase ratio, defined
short beamed pulse incidences, and modifications must b&s wg/wg, can be determined from ER7), and is the root

made) of the following equation
The new resonance frequencyy) is determined by 1
equating the real part of the denominator in E2f) to zero; X2= , 30
and is the root of the equation 1-(a/2d)cog0.027xd/a) %0
1 where we have used the well-known relatianya/c
wi= w?. (277  ~0.0136 for air bubbles in water at a pressure of one
1-(a/2d)cos2wgd/c) atmospheré! Note that the frequency increagedoes not
When Xd<1, this equation gives, to first order: depend on the damping of the bubble, but only upon the
value of wga/c and the distance from the surface. In Fig.
wl= 1 w2 (28) 2(a), x is plotted against the ratio of the surface distance to
R 1-a/2d ¢ radius @/a), and generally compares well with the results of

fStrasbergl.However, at the special cadge=a, i.e., when the

bubble is immediately adjacent to the surface, the present
IJiheory predicts a frequency increase of 1.4137, which is
smaller than the value of 1.5119 predicted by the approxi-

which is in agreement with the approximate formula o
Strasberd.As the bubble moves away from the surfdce.,
asd increasep the resonance approaches that of a bubble i

a full space. te f la of Ref. 1. A detailed . !
Correspondingly, the new damping factaigj is given mate formula ot ket. 1. A more detailed comparison 1S pre-
by sented in Table I, where the corresponding results given in
Ref. 4 are also listed. Careful inspection of this table indi-
a cates very favorable agreement between the three methods
Or= 06— = sin(2kd). (29 ; ;
2d for calculating the resonance frequency for surface distances

] o d=2a and greater. The largest differen¢@37% occurs
Note the negative sign in front of the second term. In conyenveen the methods of Refs. 1 and 4 whiensa. What is
junction with Eq.(5), this expression shows that the effect of especially noticeable is close agreem@026% difference
the boundary on the damping is to modify the radiationyetween the values given by E@7) and Ref. 4 wherd
damping. To demonstrate this more explicitly, cons;dgr the—2a. This gives strong grounds for confidence that the
case kd<1. Using the Taylor expansion, st=x—1/6¢°, it monopole approximation adopted in the present paper is a
is readily shown that, to first order inkd, the original ra- 4564 assumption for surface distances of this order and
diation damping factofi.e., 5;=ka) is exactly canceled by greater, and that it provides a sound basis for a comparison
the effect of the free surface. Tozth|rd orderkd, the new o the two methods. Table | shows close agreement between
radiation damping factor ig2(kd)“/3](ka). This is always  the three theoretical methods for valubs 2a and greater.
smaller tharka and, forkd<1, results in a significant reduc- Now let us consider the scattering from the bubble. Al-

tion in radiation damping. This ac;cords with 'the conjecturethough the theory presented here permits the study of scat-
put forward by Strasbefgvhen trying to explain the results tering for arbitrary incident and scattering directions, we will

of Gaurnaurd and Huangee the Introduction|t is possible  concentrate on backscattering in this paper, and for this case
that the presence of other sources of damgirmg, 6, and | y

) . e . ks= —k;. We will assume that the incident plane wave lies
6,) provides the mechanism for limiting the magnitude of /ey 5 plane, so that the incident and reflected unit vec-
bubble pulsations at resonance. We shall examine this quUesss are
tion in greater detail later. R R

Compared to the modal series solution of Gaunaurd and  kj=(sin 6,0, cosé), k,=(sin §,0,—cos?¥),
4 . .

Huang, the results in Eqs(2_4) anQ(2_§) are much simpler, where 6 is the angle between the incident direction and the
and demonstrate the physical significance of the boundarMpwardz axis. The scattering unit vector is then
more clearly. In addition, the present results are easily '
checked, and may be readily compared with the results from k= (—sin 6,0,—cos ).
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For convenience, we will define the reduced backscattering
target strength as

TS(6)=20 log |F (ki ,—ki)|/a), (32)
where|F(§i ,—ﬁi)lla is given by
|F(ki,— ki)l
a
4 sirf(kd cos )
- V(02 w?+(a/2d)cog 2kd) —1)2+(5— (a/2d)sin( 2kd))?
(33

The oscillatory factor sftkdcos#) which modulates the
scattering amplitude in the numerator of this expression is
due to the conventional Lloyd’s mirror interference efféct.
The first null occurs at frequenay2d cosé, and the sepa-
ration of the nulls is als@/2d cosé.

At resonance, the scattering amplitude is

IF(k;,— k)| _ 4sirf(kd cos6)
a B 65— (a/2d)sin(2kd) -

(34)

When both the thermal and viscosity dampings are not in-
cluded, which is the case considered in Ref. 4, this equation
reduces to

IF(ki .~k _ 4sirf(kd cos 0)
a ~ ka—(a/2d)sin(2kd) -

(39

Figure Zb) shows the normalizede(ki ,—Ei)|/a at reso-
nance as a function af/a when §=45°. Curvea includes
only radiation damping, while curdeincorporates radiation,

FIG. 2. (a) The resonance frequency as a function of the ratio of the surfacdh€rmal, and viscous damping effects. These plots show that
distance to the bubble radidg¢a; (b) The scattering amplitude at resonance the scattering amplitude at resonance decreases as the bubble

as a function ofd/a.

moves towards the surface, as one would intuitively expect,
since a nearby free surface converts the bubble monopole

In the coordinate system of Fig. 1, the positions of the bubblénto an acoustic dipole with opposite strength, which radiates

and its image are

r,=(0,0,—d), r,=(0,00).

less efficiently. From these curves, it is clear that the scatter-
ing amplitude is reduced considerably by the inclusion of
thermal and viscous damping. Consider the special case

Under these conditions, the effective scattering amplitudevhere thermal and viscous damping effects are not included.

from Eq. (26) can be simplified as

The result(represented by curve) shows that the peak
value decreases slightly as the bubble moves closer to the
surface. This appears to conflict with the result obtained by
Gaunaurd and Huarfgln his commentary on the paper of
Gaunaurd and Huang, Strasbetged to explain their result

by conjecturing that, in the absence of other sources of

TABLE |. Effect of the free surface on resonance frequency of a sphericapampmg' the reduction in radiation damplng due to the free

~ ~ a
F(ki,—k)= . -
(ki ) wdl w’—1—i6+ (a/2d)e?
X(l-eZikd 6030)2 (31)
air bubble.

d/a Calculated Calculatefl Calculated Measurefi

1 1.4137 1.5119

2 1.1543 1.1577 1.154

4 1.0685 1.0692 1.066

8 1.0319 1.0328 1.029 1.028
16 1.0144 1.0160 1.015 1.017

gResults from Eq(27).

bTheoretical results from Ref. 1.
‘Calculated results from Ref. 4.
9The measured results cited in Ref. 1.
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surface might lead to a sufficiently large increase in the
bubble pulsation amplitude at resonance to overcompensate
for the reduced radiation efficiency. He suggested that this
might result in a net increase in the calculated values of the
scattering function. According to the present results the ra-
diation damping is indeed reduced by the effect of the sur-
face, but this reduction is not large enough to compensate for
the reduced radiation efficiency. In fact, as the bubble moves
closer to the surface, the driving presstre., the sum of the

direct wave and its reflection from the surfackecreases as
kd. The radiation from a dipole of opposite sign also

Z. Ye and C. Feuillade: Scattering by bubbles

803



varies askd. Together, these give rise to a radiation reduc-
tion which varies askd)?. As discussed earlier, the reduced
radiation damping is- (kd)?(ka) at resonance. Combining
these two effects, we see that the peak value is proportion
to (ka) 1, i.e., it is proportional to the inverse of the reso- sl
nance frequency. Now, as the bubble moves towards the su ST
face, the resonance frequency will increase slightly so thai ‘ '
correspondingly, the peak value will decrease slightly. Why
does this result differ from that of Gaunaurd and Huang? A
quick response might be that, when the bubble is very clos
to the surface, the assumption of monopole scattering is in
valid. There are, however, three reasons why this seems u
likely. First, the resonance feature itself is a direct result of
the bubble’s radially pulsating vibration. Second, while Fig.
2(b) plots |F(k;,—k;)|/a in to a minimum surface distance , , L , ‘ ,
d=a (at which point, since the bubble touches the surface ~ -2 -9 -9 -85 -8 -08 17 -185 -18
the monopole approximation may indeed be questionable v
the observed decrease in scattering amplitude actually begi
at much greater values dof and ford=2a and greater Fig. ‘ol (v)
2(a) and Table | strongly indicate that monopole effects N
dominate the physical behavior of the system. Third, the re !
sults of Gaunaurd and Huang predict an enhancement of tt
scattering amplitude beginning at quite large values of the or
surface distancée.g.,d=16a), where monopole scattering
is surely dominant. In addition, as we shall see below, the
results given by the present method agree with those of th
modal series solution at off-resonance frequencies, when tt
bubble is not too far away from the surface, and when ther ¢}
mal and viscous damping effects are not included.

In Fig. 3@ the reduced target strength is plotted as a -soy
function of logka) for different values ofd/a. The solid
lines indicate results where radiation, thermal, and viscou ~'°% 25 2 =y = o5 0
damping effects are included. The dashed lines indicate re Logta)
sults where only radiation damping is included. The radius of 'S 3 The reduced backscattering target strength from&2).as a func-

. . ion of log(ka): (a) The target strength is plotted for several valuesif.

the bubble is set to 10Am, while c=1486 m/s. The dotted The dashed lines indicate resuits where thermal and viscous damping effects
line in Fig. @) is for a bubble with no boundary present, are not included; the dotted line indicates the case where no surface is
and incorporates radiation, thermal, and viscous dampings_ present.6=45°. (b)_The target strength ‘iS plotted over a broader range of
is clear from the curves that the resonance frequency steadi for d/a=4._ Again, the dasheq lines |nd|ca°te results where thermal and
. . scous damping effects are not includeid= 45°.
increases as the bubble is moved towards the surface,
whereas the peak strength at resonance shows a correspond-
ing progressive decrease. We also see that the peak ampiirat, without thermal and viscous damping, the scattering
tude is reduced considerably by the inclusion of thermal anémplitude has a very sharp peak at the resonance.
viscous damping effects, and that the peak scattering strength In Fig. 4, the reduced target strength is plotted against
of a bubble is then smaller than the corresponding caska for d/a=50, 100 and 500. Here we see that, as the bubble
where no boundary is present. These results correct an erra@ moved further from the surface, regular oscillatory fea-
in Fig. 10 of Ref. 9, which arose from a sign error in E2[l)  tures appear in the scattering strength. The observed peaks
of that paper. The present results agree with those shown ind nulls are due to interference effects between the bubble
Fig. 3@ of Gaunaurd and Huafidor off-resonance frequen- and surfacéor, equivalently, the bubble and its imag&he
cies, when thermal and viscous dampings are not includediulls, which appear at regular frequency intervals, become
The resonance frequencies from the two solutions are also imore numerous and are spaced more closely together as the
agreement. bubble is moved away from the surface. Each curve also

In Fig. 3(b), the reduced target strength is plotted over acontains a low-frequency pedke., atka=0.0136 due to
wider range of log{a) for the casel/a=4. The dashed lines the bubble resonance, and by noting the superposition of
again show the results obtained when thermal and viscoukese peaks for the different cases we can see, when the
damping effects are not included. This figure indicates thabubble is moved far away from the surface, that the reso-
the scattering strength steadily increases as the frequencyrisince frequency becomes essentially constant.
increased beyond resonance, that it becomes greater than the The frequency separation between the nulls in Fig. 4 is
scattering strength of a bubble with no boundary present, andetermined solely by the value &fl cosé, as predicted by
then drops after reaching a maximum. We can clearly sethe theory. When the bubble is far away from the surface, the

60 T T T T
(a)
40

No boundary

L
-155 -15

60

No boundary

-40f
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100 ‘ . , k ‘ : : : , was not governed by thed cosé phase factor evident in the
<50 present work, and therefore did not exhibit the expected
@ T qa-ino Lloyd’'s mirror behavior. Their curves also indicate signifi-
sol i cantly fewer oscillations and, in particular, an interference
null, which appears below the resonance frequency for the
d/a=500 case in the present work, is completely absent

from their figure.

IIIl. CONCLUSIONS

We have considered acoustic scattering by a spherical
' air bubble near a flat pressure-release surface. Using the
: method of images, and an elegant self-consistent procedure,
a simple formula for the sound scattering function is derived
in which the resonance frequency and damping factor are
. , L . I , , explicitly shown. Application of the formula indicates that,
0 001 002 003 004 005 008 007 008 009 01 when the bubble is moved closer to the surface, the reso-
nance frequency increases, while the scattering amplitude at
00— ' I ' ‘ ' i ‘ resonance decreases. When the bubble is moved away from
® T gee the boundary, regular oscillatory features appear as a result
o dra-800 of the interference between the bubble and the surface. The
results from this study are compared with previous theoreti-
cal results and experimental observations. Agreements and
disagreements are illustrated through numerical examples.

-100
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High-frequency bistatic scattering by sub-bottom gas bubbles
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A previous study of high-frequency acoustic backscattering data collected at Eckernfoerde Bay,
Germany revealed that scattering is mainly due to methane gas bubbles buried about a meter beneath
the seafloofTanget al, J. Acoust. Soc. Am96, 2930—-29361994)]. A backscattering model was
developed Tang, Geo-Marine Lettl6, 161-1691996] where the gas bubbles were approximated

by oblate spheroids. In this paper, a bistatic scattering model is proposed as an extension of the
previously developed backscattering model. In this model, gas bubbles are again assumed to be
oblate spheroids with varying aspect ratios and a single-scattering approximation is used. The model
is compared to bistatic data acquired in Eckernfoerde Bay, Germany. In particular, the azimuthal
dependence of the bistatic scattering strength predicted by the model is tested against experimental
data and it is found that both the model and the bistatic scattering strength data exhibit a mild
azimuthal dependence. Best agreement between model and data requires a 35% reduction in areal
bubble density relative to that used in the backscattering model/data comparison. Possible reasons
for this are discussed including multiple scattering effects. 1997 Acoustical Society of America.
[S0001-49667)04307-3

PACS numbers: 43.30.Ft, 43.30.Gv, 43.30.MEIM]

INTRODUCTION bubble layer and compared with data taken at the Eckernfoe-
o . . rde site. Section | outlines the theoretical development; Sec-
Sub-bottom contributions to acoustic scattering have re:. ) ; .
ceived increased attention in recent years. It has been shov:[/Ir?n Il presents some resylts of numerical S|mulat|or_15, com-
. . . " ares theory with experimental data, and ends with some
in a number of studies that sub-bottom inhomogeneities cal}. : ; : .
dominate acoustic backscattering at frequencies as high as ﬁbscussmn of pO.SS'bIe multiple scattering effects. Conclu-
1,2 : : C sions are drawn in Sec. Il
kHz.< However, the previous investigations have been re-
stricted to monostatic scatterindgpackscatteringin which
the dependence of the scattering directivity pattern on receivl—_ BISTATIC SCATTERING MODEL
ing grazing and azimuthal angles cannot be examined. Al-
though such a scattering directivity pattern can lead to fur-  Bistatic scattering experiments employ configurations in
ther insight into the scattering physics, very few bistaticwhich the transmitter and the receiver are at different posi-
experiments of the type required to examine the scatteringjons. The commonly used monostatic scattering or back-
directivity pattern have been reported due to the engineeringcattering geometry is a special case of the more general
and operational difficulties involved in data acquisition. bistatic scattering geometry. Similar to backscattering
Likewise, development of bistatic models is a more de-strength, bistatic scattering strength can be defined as the
manding task. Recently, Jacksateveloped a bistatic model decibel equivalent of the scattering cross section per unit
including surface scattering from the rough water—sedimenarea per unit solid angleand is, in general, a function of
interface and volume scattering from the sub-bottom. Thencident angles §;,¢;) and scattering anglesé{, ),
comparison of his model with experimental data shows avhere 6 and ¢ correspond to grazing and azimuth angles,
reasonable agreemeéhHowever, this model treats volume respectively. Whemp= 7+ ¢;, andé,= 6, , bistatic scatter-
inhomogeneities via perturbation theory and, as such, dodag reduces to backscattering. Obviously, bistatic scattering
not address in a fundamental way environments in whichmeasurements provide more information than backscattering
scattering is due to high contrast scatterers such as bubbleseasurements.
Just such an environment was encountered in Eckernfoerde Previous backscattering studies at the Eckernfoerde Bay
Bay, Germany during the Coastal Benthic Boundary Layersite showed that backscattering at 40 kHz is due to a layer of
Special Research Prograi@BBL-SRB. Within the Eckern- methane gas bubbles located abtunm below the seafloor,
foerde mud sediment, a layer consisting of many nonspheriand the scattering by these bubbles has been successfully
cal methane gas bubbles was found at adom below the modeled by a backscattering model where the gas bubbles
smooth seafloot.These bubbles scatter sound far more effi-were approximated by nonresonant oblate spheroidsad-
ciently than the water/seafloor interface and the mud abovdition to these backscattering data, bistatic scattering data
the bubble layet:? In this paper, a two-layer bistatic scatter- were also collected with the same source and a mobile re-
ing model is proposed to describe scattering by such aeiver at the same time and locatibTthe purpose of this
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paper is to extend the backscattering model to the bistatic Yo R
scenario.

Before introducing the model, we restate several as-
sumptions made in the backscattering model that will be %
used also in the bistatic model. First of all, in Refs. 1 and 2,
the surface scattering at 40 kHz from the seafloor itself was Y &M&»@‘“
found insignificant and could be ignored due to the weak o
acoustic impedance change across the seafloor/water inte ofg 0
face_ transmitter beam axis

Second, it is observed that the bubbles are concentrate
in a layer distributed over a vertical distance of about 10 cm.
The differences between the grazing angles incident upon
scattered from the top and bottom of the layer are siiesb
than 2° for the geometry of the experimgrsince we con-
sider single scattering only, it is reasonable to assume that al
bubbles are on a surface with an equivalent bubble surface T X
density obtained from integrating the volume density over
depth. As a result, volume scattering is treated as quasi ,
surface scattering and the propagation loss due to volum o 1)
scattering is ignored. In contrast, the horizontal distribution seafloor o !/ f—:—‘—’fi‘k—'—/
of the bubbles is assumed to be homogeneous, i.e., a uniforr | I :/{/:' /i, sediment

V% el o TR B
|
|

@)

| =

water

PG

probability density functiofPDP.
Third, x-ray tomographic analysis of the core data | /

shows that the shapes of the bubbles are nonspherical ar "

their sizes vary from about 0.5 mm to less than 15 mm in

volume-equivalent spherical radius. Smaller bubbles were ®

not measured because of the limited resolution of the x-ray

system. The bubbles are oriented as coins standing on theil- 1- Geometry of a bistatic scattering moded) Top view, where
(Xo.,Yo) are original coordinates and,fy,z) are rotated coordinateS.and

edges. The'r_ broadside normals are, ”.1 general, pqrallel to th@stand for source and receiver, respectivély.Side view of theith sub-
plane on which the bubbles are standing. For brevity, we calbeam.

such a configuratiomorizontally oriented To simplify our
analysis and to objectively model bistatic scattering as in the
backscattering model, we assume that resonant scatteringadalytically. To solve the problem numerically, we divide
unimportant and can be neglected. In the present model, e transmit beam into a number of narrow, nonoverlapping
assume that the bubbles can be properly modeled as horizogdb-beams propagating in different directions, i.e., different
tally oriented pressure-release oblate spheroids with variouszimuth angles,, and compute the scattering contribution
aspect ratios. due to each individual sub-beam. Since multiple scattering is
Finally, in the backscattering model, the effect of thenot considered in the current model, the total scattered field
multiple scattering among bubbles was not considered. Likeean be obtained by simply summing up the contributions
wise, in the present bistatic scattering model multiple scatfrom all these sub-beams weighted by the transmitter and
tering will be ignored. This approximation will be revisited receiver beampatterns.
after model/data comparisons are presented. To compute the scattering due to each individual trans-
mit sub-beam, a global coordinate system is chosen in such a
way that the the acoustic source or transmitter is located at
A major issue of the two-layer model for a bistatic ge- x=0, thez axis is pointing up, and the bubble layer iszat
ometry is the determination of the ensonified region of the=0 as shown in Fig. 1, where Fig(d is the top view and
scattering layer. For a homogeneous medium, if the sourcgig. 1(b) the side view. In Fig. (8) there are two coordinate
signal is a short pulse, at any time greater than the minimungystems: the original and rotated coordinate systems. Their
time required for the wave to travel from the source to thez axes coincide with each other pointing outward from the
scattering layer and then to the receiver, the interception argsaper. The original coordinate system is chosen such that the
on the scattering plane will be an elliptical ring whose width x, axis coincides with the transmit beam axis, corresponding
is proportional to the pulse lendttand can be determined to zero azimuth angle. For a transmit sub-beam in an azi-
analytically. muthal directiong; (the angle between transmit beam axis
However, for the two-layer model, since there are twoand the sub-beam directiprthe original coordinate system
media (water column and sedimentvith different sound is rotated about the axis by an angle ofp; to make the
speeds, the acoustic wave changes its propagation directisransmit azimuth angle zero in the rotated coordinate system
when it passes through the interface that divides the twd@x,y,z). The bistatic scattering geometry shown in Figh)1
media. The interception area at a given time instant is nds the side view of théth transmit sub-beam. The transmitter
longer an elliptical ring and its shape cannot be determineds located at (0,04,+h) and the chosen sub-beam is in the

1
y
bubble layer 2
Xy

A. Geometry of the two-layer model
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X-z plane, while the receiver position can be out of thé  angle in the specular directionys,. At any other timets
plane and located aix{,ys,h+H,), whereH; andH, are >t .., there are always two rays intercepting the gas-bubble
distances from the seafloor to the transmitter and receivegyer, i.e., thez=0 plane: One corresponds to a grazing
correspondingly, antl is the thickness of the sediment over- angle y, larger thanys,, and the other corresponds to a
lying the scatterers. From Fig. 1 the following geometricgrazing angle smaller thapg,. This bears some analogy to

relations can be easily obtained: the case where only one homogeneous layer overlays the
_ \/272 scattering layer and the ensonified area on the scattering
rs=ro= (H=H)% layer is an elliptical ring. For any vertical plane containing
Xs=ls COSh, Ys=IgSiN ¢, the transmitting sub-beam and intercepting this scattering
layer, there are always two intercepting points on the ellipti-
X1=H¢ cotay+h cot ay, «y cal ring, corresponding to the two rays. R6¥ 0, there still

exists a minimum travel timd,,;,, which corresponds to a
single ray with the transmit and scattering grazing angles
bs=sin"L(ys/ry), X,=r, COS s, aq andvy,. Herea; andy, are not equal in general. At any

. . , time ts>t,,, there are still two rays with one ray having a
wherer is the distance between the transmitter and the re3cattering angley, greater than that corresponding tg

ceiver,rs the projection distance af, to thex-y plane, a; =tmin, and the other smaller thap. The total scattering

and y, are grazing angles at the seafloor, whilgand v, ontribytion at timetg is the sum of these two rays.
are grazing angles at the bubble layer. Note thatind a»

correspond to the transmitted wave while and y, corre-
spond to the scattered wave. Using the above geometricgl Scattering model
relations, we have

r,=H, cot y;+h cot y,,

As described in Refs. 1, 2, 5, and 6, the strong scattering
Xs=X1+X; layer consists of an aggregation of nonspherical gas bubbles
which are modeled aghorizontally orienteyl oblate sphe-
roids with their major axis pointing randomly in directions
x cogsin 1(ys/(H, cot y;+h cot y,))]. (20 orthogonal to the vertical. The model for bistatic scattering
A constraint on the arrival time gives from fchese spheroids is an exte_nsion of the model dev_eloped
by DiPerna and Stanténin which a conformal mapping
1 H, H, h 1 1 method is applied. Since the bubbles have different orienta-
(sin ay *sin 71) + c, (sin ay *sin y2>' 3 tions and aspect ratios, it is reasonable to assume the oblate
spheroidal scatterer has an omnidirectional orientation distri-
wherec, andc, are sound speeds of the water column and,tion in thex-y plane, i.e., bubbles are oriented uniformly

=H, cot @y +h cot a,+(H, cot y;+h cot y,)

_Cl

ts

the sediment, respectively. . _ over 0 to 2r. Obviously, for an oblate spheroid under such
Grazing anglesy;, a,, y,, andy, in above equations 4, assumption, the incident and azimuth angles with respect
are related by Snell's law: to the horizontal plane in the global coordinates or observa-
c, tion coordinates$rotated coordinates(y,z) in Fig. 1(b)] are
cos = COSaq, (4) different from those with respect to the spheroid defined in
1 the local coordinategsshown in Fig. A). To perform a sta-
Cy tistical average over orientation, coordinate transformations
Cos 72:0—1 COS7y;. ) are needed to relate the local coordinates to global coordi-

nates. The details of the transformations are given in the

For a given time, there are only two independent un-Appendix A. The average cross section over orientation as
knowns in Eqs(2) and(3): v, and ;. These two simulta- well as aspect ratio expressed in the global coordinates can
neous transcendental equations can be solved numericallye obtained by
One way to solve the equations is to step through time inter- 9 [ui2 (e
vals; N discrete time step.s, for examplg. It.requwes solymg S Yar s ap) = — f f o (0,00
the transcendental equatioNstimes, which is not an effi- T Jo J-w
cient way.

An alternative way used in our modeling is to find all Xp(€)debror de, ©)
possible combinations af; and y; that satisfy Eq(2) first, =~ whereo, is the scattering cross section of an oblate spheroid
then computd using Eq.(3) and the obtainedvr, andy;  with an aspect ratie, ©4, ®¢;, and®; are given by Egs.
from Eq. (2), and finally sort the result according to an as-(A11)—(A15) in Appendix A, ando(e) is the probability den-
cending time sequendg. This way we only need to solve sity function (PDF) of the aspect ratic given in the next
the transcendental equations once. section.

It can be proved that when the receiver is in the same  Using.”(y»,¢s; a,) together witha; andy, obtained
plane as the transmit sub-beap=0, and when the scatter- numerically using the method described in the previous sub-
ing grazing angley, is equal to the transmit grazing angle section, the received acoustic intensity corresponding to the
a4, the travel time reaches its minimurty,,, and this scat- transmit azimuthal angle, at timet for ray i can be ex-
tering grazing angley, can be considered as the grazingpressed as
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are travel distances of a ray in the water and in the sedimen
respectively. HereB,, and B¢ are attenuation coefficients in
water and sediment, respectivélyeper/m; T, and T, are :
energy transmission coefficients from medium 1 to 2 and :
to 1; py, is the bubble surface density (no?mB, andB, are
transmitter and receiver beampatterns with the argumen:
b=an— B O = 71— 6rq' and &= d)_ Gra, Where Oy IS FIG. 2. Normalized bistatic scattering cross section of an oblate spheroid. In
the transmitter d_e_pressmn an_qlmountmg angl_b, and Ord all c.on.wputations, the frequency is 4(?kHz, sound speed is 1425 n?/s, and.the
and ¢q are recelv_mg depress[o.n a!’]d orientation angles 8Csemi-minor axis of the oblate spheroid is 1 mm, resultingra=0.18. (a)
cordingly. Here A is the ensonification area and can be de-scattering directivity pattern of an oblate spheroid with an aspect ratio of 1
termined numericallfAppendix B. Note thaty,, ¢, a5, (dash-dottey 5 (dashed, and 10(solid); (b) normalized average scattering
and ¢, are functions of time. The total received intensity atcross section over aspect ratio using an exponential PDF. In(Bogmd (b)

. . . . . the incidence is along the broadside normal of the oblate spheroid®j.e.,
time t, IS(t) can then be obtain by integratifg; given by =0 and the scattered ang®; is the angle between the broadside normal

Eq. (7) over ¢, and the scattered direction.

2
72
Is(t)= f_ N 2, L7z, a2, b ddy, (10) |1 RESULTS AND DISCUSSIONS

where we have summed up the contributions from the twg Numerical simulations
rays corresponding to the transmit directi¢p. We ignored At low frequencieska<<1, wherek is the wave number
contributions for¢, betweenm/2 and 37/2 due to the strong anda is the characteristic geometric dimension of the object,
attenuation of the transmitter beampattégneater than 40 scattering by a pressure-release sphere is almost omnidirec-
dB). In Eq. (10), at a given time, the angleg,, ¢s, and tional. However it is directional for an oblate spheroid and
a, can be uniquely determined if a transmit azimuthal angleapproaches a dipolelike bistatic scattering pattern as aspect
¢, is specified. Therefore, a summation ovgrin Eq. (10 ratio increases. Figurg@® shows the normalized differential
also results in a summation oveg, ¢, anda,. scattering cross section for a single oblate spheroid versus
In general, contributing rays with a variety of incident scattering angl® for a broadside incidenc®;=0, where
and scattered angles intercept the bubble layer at any give®; and® are defined in a local coordinate system described
time; therefore one cannot obtain the conventional scatteringn Appendix A. ®; represents the angle between the broad-
strength defined by a pair of incident and scattered angleside normal and the incident direction, a@d represents the
However, by taking advantage of the narrow beamwidths oaingle between the broadside normal and scattering direction.
both transmitter and receiver, it is possible to determineSince the scattering is independent of azimuth andlg,
whether the scattered field is dominated by the contributioronly the scattering in an arbitrary azimuthal plane is illus-
from a single direction. The average scattering stre®®  trated. In the figure® ;=0 corresponds to forward scattering
per unit area per unit solid angle can be expressed as while ®,=180 corresponds to backscattering. The three
o o (d . curves in Fig. 2a) correspond to oblate spheroids with as-
S 72, $si@2) =10 logiolpy (72 $s:02)) (1D pect ratio 1(dashed-dotted 5 (dashed, and 10(solid), re-
where the superscript] denotes dominant scattering. spectively. For the curve with aspect ratio of unity, i.e., a
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s TABLE |. Parameters used the bistatic bottom scattering model.

x 10

® cw=1448 m/s sound speed in water

4 cs=1425m/s sound speed in sediment
- pw=1.0 glcn¥ water density
o, ps=1.1 glen? sediment density
2 a,=0dB/m water attenuation coefficient
A 5 as=2.4 dB/m sediment attenuation coefficient
§ pp=28.8x10° (no./nf) equivalent bubble surface density
Sy

03

B. Comparison with bistatic experimental data

The 40-kHz bistatic scattering data were collected at
Eckernfoerde Bay, Germany in April, 1993The Benthic
Acoustic Measurement SystefBAMS) served as the trans-
GRAZING ANGLE (deg) AZIMUTH ANGLE (deg) mitter while the receiving array was suspended from a vessel
that was moored at several locations in the vicinity of the
FIG. 3. Bistatic scattering cross section in the upper half-spaceg;for source. The transmitter wa§ mounted 0'? a thigom a.bove
=10°. the seafloor, rotated 360° in 72 steps with a step size of 5°,
and transmitted one pulse at each step. The receiver was
L i . about 7.5 m above the seafloor and was within a 50-m range
sphere, the variation in scattering cross section is 1ess thafy e transmitter for the data shown here. The transmitted
20%, or 1 dB, while for the curve with aspect ratio of 10, the 5y \yas a 2-ms linear frequency modulated signal, with its
variation is greater than 80%, or 7 dB, and the cross SeCt'Oﬂequency swept from 39 to 41 kHz. Beampatterns of both
has a minimum a®S:900_’ showing a d_lpolellke scaFte_rlng_ transmitter and receiver are narrower in the horizontal plane
pz_itt_ern. For the curve with aspect ratio 5, the variation 'S(about 6.5° beamwidth for bottand broader in the vertical
within the two extremes. _ _plane(14° and 37° beamwidths for transmitter and receiver,
_For an aggregation of oblate spheroidal bubbles withggnectively. Details of the system can be found in Ref. 4.
various aspect ratios, an average scattering cross section Cafyce the bistatic data were collected at the same location

be obtained using an appropriate PDF. To perform the averyj the same time as the previously reported backscattering
age, we assume that the semi-minor axis of the oblate Sphe&atal

27 . . . . 12 the parameters used in backscattering model were
oid is kept unchanged, while the semi-major axis change

f 8i thitially kept unchanged in the current bistatic scattering
according to the PDF. From the core daiawas observed ,,qe) However, in the final model/data comparison to be

that gas bubbles with smaller aspect ratios are more abundagit ,.vn here the bubble concentratipp,is reduced by about

than thpse With_ larger aspect ratios. A simple truncat_ed €X359% (about 2 dB in scattering strengtto obtain the best fit.

ponential used in Ref. 2 is also used in our computation:  pqgiple reasons for this needed adjustment are discussed at
the end of this section.

100

B e B ¢ <e<e The parameters used in the modeling are listed in Table
p(e)=1 e Pemn—g~FPemax =~ * =mN M (12) 1, where all parameters are the same as those used in Refs. 1
0, otherwise and 2 except for bubble density discussed in the previous

paragraph. The attenuation coefficient in the water column is

with 8=0.25, €,in=1, ande,,,,=10. Figure 2b) illustrates  set to zero since at 40 kHz for a range within 50 m, the
the average scattering cross section normalized to unity anattenuationis negligible.
using such a truncated exponential PDF. It can be seen that, In this study, a total of eight data sets have been ana-
after averaging, the angular dependence has not been wasHgded. Each data set corresponds to one revolu@gd°) of
out entirely but is smoothed to some extent. the transmitte(72 pingg. Figure 4 shows the comparison of

For a more general case, when the incidence is along aie reverberation leveglRL) between the experimental data
arbitrary direction(say #; as shown in Fig. ALcomputations and the theoretical predictions for four pings from one data
of the average bistatic cross section over orientations anset, where the thinner lines are the experimental data and the
aspect ratios given by E¢) involve coordinate transforma- thicker lines are the model predictions. These four pings are
tions described in Appendix A. Figure 3 shows a 3-D aver-selected to represent the time series of the scattering from
aged bistatic scattering cross section in the upper half-spadeur different azimuthal directions and exhibit some distinct
for #,=18°, where grazing and azimuth angles (¢¢) vary  patterns. Since the transmission and reception systems used
from 0—90° and 0-180°, respectively. Similar to the azi- two independent internal clocks, the alignment of the data
muth independent case shown in Fig. 2, the variation of thevith the theoretical curves in time is adjusted primarily by
scattering cross section is about 8 dB. Again, it can be foundligning the first arrival of the data with the direct arrival
that the maximum is in the forward direction while the mini- predicted by the model based on the actual position and ori-
mum occurs at grazing anglé;=90° when the azimuth entation information. For some pings, such adjustments
angle ¢, is fixed or at azimuth anglebs=90° when the could result in a misalignment between data and the theory,
grazing angled, is fixed. i.e., the major scattering structurgmeaks and troughsn the
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transducer or receiver can cause an error as large as 20 dB in
estimating RL of the direct arrival. Consequently, this part of
the data is not used in our analysis.

The analysis and discussions given above are also appli-
cable to all other pings of the same data set and the other
data sets. Generally speaking, the model fits the backward
scattering data¢gs>100°) better than the forward scattering
data. This could be explained, in part, by the beampattern
effects. For the forward scattering, the main lobes of the
transmit and receive beampatterns are partially overlapped,
any is more sensitive to the accuracy of the orientation of the
transducers than backward scattering.

Obviously, the total scattered field at any time results
from the scattering from all directions. As noted earlier, it is
not possible, in general, to obtain the relationship between
the scattering cross section and the scattering angles as plot-

ted in Fig. 3 since the scattering from a certain direction
characterized by a particular sub-beam cannot be separated
model predictions and the experimental data. The four time series are chg-rom the total scattgred field. HOW_ever’ by taking advantage
sen from the same data set representing the bistatic scattering with fo®f the narrow honzontal_ beamwmths of th(_':‘ transducers,
different azimuth angles as indicated in the figure. The vertical lines definecareful inspection makes it possible to determine whether the
the time windows within which the attenuation due to the beampatternygtg| scattered field is dominated by scattering from a certain
(product of transmitting and receiving beampattgisdess than 15 dB, and - . - - . )
the data are considered “reliable.” d|r¢Ct|on. In. our glmylatlons, at_any gl_ven.tlme, Whgn the
ratio of the intensity in one dominant direction to the inten-
sity in any other direction is greater than 15 dB, we keep the
RL time series can match much better if the RL curve iSdata and designate that dominant direction as the primary

shifted a few ms. This could be attributed to the possiblescat;[ermg dfi!rec“f”; Othg‘r‘l""se we d'scfj‘rd ”t"e t‘:]ata' "

inaccuracy in determination of positions and orientations ofk n addition, 1o avoid 1arge errors dué 1o the uncertain

the transducers. nowledge of sidelobes, a beampattern attenuation threshold
From Fig. 4 it can be seen that the agreement betwee set to assure that all selected data fall in the main lobes.

data and the model is reasonable in both scattering levels a hen th? co.mblned beampattern attenuation of tran§m|tter
nd receiver is greater than a preset threskitiddB used in

atterns. When the scattering geometry approaches back- i ) . .
P g9 Y app ﬁ-\e modeling, the data are considered “unreliable” and dis-

scattering, i.e., the azimuthal angle between incident an ded. Th lected dat bounded by th ical

scattering approaches 180°, the reverberation I€RE), af- carthe t ese dec € ha aare F.our; eTh y Ie ;/edr Idcat INES,

ter the initial direct arrival, gradually increases to its maxi- 0" tN€ Ime windows shown in Fig. 4. The selected data are
gben averaged over this time window and converted to the

mum, and then decreases slowly generating a broad peak .
shown in(a) and(b). In contrast, when the scattering geom- average scattering strength of the bubble layer by the follow-

etry changes from backward to forward, the peak become!9d equation:
narrower and RL decreases faster than in the backward scat- SSy,,¢¢;a,) =10 log ol s — SL+ @yl w+ gl seq
tering case as shown i) and(d). Such a scattering char-
acteristic is believed due to the narrow horizontal beamwidth
(about 6.5} but much broader vertical beamwidth of the
transducers. For backscattering, the main lobes of the trans-
mitter and receiver are overlapped throughout the entire data —10logyo B, (6, ;)
acquisition time interval associated with each ping, while for
fOl'(\:]Nal‘d scattering the main lobes of the transpmitq[er and the ~10logifT1T20), (13
receiver intercept only over a much shorter time period, owhere(ly is received scattering data averaged over the se-
may even not intercept at &iih which case the data are not lected time window, SL is the source level, ang,
analyzed further = Buw.s 100; € is the attenuation coefficient in dB/m, aAd
Another aspect of the comparison is the RL of the directis, as before, the ensonification area. All physical properties
arrivals (the first large event in the time serieJhe differ-  of the water and sediments are given in Table I. All geom-
ences between the prediction and the actual measuremerggy parameters are those associated with the dominant scat-
are as large as 18 dB. The error in RL caused by the errors itering direction based on the actual position and orientation
position data required in estimating the geometric spreadinghformation. The resultant bistatic data points are plotted in
is insignificant, less than 0.4 dB. However, the RL of theFig. 5 (plus signg for the mean incident grazing angle
direct arrival is very sensitive to the orientation information («,)=18° with a deviation of+10° and scattering grazing
since in many cases; the signal falls on the sharp €¢dgge  angle 65 varying from 10° to 20°, where the solid lines are
gradienj of the main lobe or even within the sidelobes. theoretical curves computed from our bistatic model. The
Simulations reveal that & 1° error in orientation of the theoretical curves are averages over scattering grazing angle,

FIG. 4. Comparison of reverberation level between the bistatic scatterin

+20 logyo(ry) + 20 109 F scad
—10 log,g A—10 log;g B:( 6;,0)
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5 : ; . ; 1 ‘ . ; within each angle band. The model prediction and the fil-
tered data have similar angular dependence and fluctuations
about the theoretical curve are less than 4 dB.

—
[

s

Frequency (%)
15

+
(=]

il

-10 0 10 . . .
-5F e 7 + + SSDiff.(B) C. Forward scattering loss and multiple scattering

effects

The results presented here and in Ref. 2 demonstrate the
capability of the model to quantitatively predict the mea-
sured acoustical scattering levels. One concern in the model/
data comparisons is that the bubble areal density needed to
obtain best agreement in the present bistatic case is 35%
lower than in the backscattering c&s€his is equivalent to a
2-dB reduction in the bistatic scattering calculated via the

B0 a0 60 80 oo 120 140 160 iso model. At present we have three hypotheses as to why this
AZIMUTH ANGLE (deg.} mlght be SO.

One hypothesis is that the calibrations of the sonar sys-

FIG. 5. Average bistatic scattering strength as a function of azimuth angletems used in the backscattering and bistatic experiments

The solid lines are the theoretical predictions given by ®gfor incident have a differential error of 2 dB. Error in any one calibration
grazing anglea,=12°+10° (uppermost 18°*+10° (middle), and 24°

+10° (bottom), respectively, where we have used an exponential PDF. TheOn the order of 1 dB Ca,nnOt be ru,led Ou_t' . .
experimental datdplus) are obtained for incident grazing angie=18° _ AnOth?r possibility is tl'_‘at spatial varlatlon_s of scattermg
+10° and averaged over selected time windbounded by vertical lines in  in the region of the experiment are responsible for the dif-
Fig. 4. For both theoretical predictions and the data, the scattering grazingerence in bubble density needed. Backscattering images in
angle ¢ varies from 10° to 20°. A superimposed plot at the upper right yo vicinjty of the tower show patchiness in the backscatter-
corner is the histogram of the difference of the scattering strength between . ..

theory (18%10°) and the data. Ing strength with variations on the order of 1Q dB over scales
of 10 m and a general lower level of scattering Northeast of
the tower as compared to Southwest of the toWithough

. the bistatic scattering and backscattering data are both ac-
o o Q_'_ o -
(uppermosy, 18°* 10° (middie), and 247+ 10° (bottom, re gruired in the vicinity of the tower, a bias in levels could

spectively. The superimposed bar graph at the upper corn o e
is the histogram of the difference between the experimente{lernaln In the data due to the differing areas of the bottom

i A Sampled.
data and the theoretical curve @f,)=18° with a meanu . o : .
—0.0 dB and a standard deviation=3.7 dB. Further analy- The third hypothesis is that the different bubble density

sis reveals that about 65% of all data points deviate less tha'?leedEd in backscattering and bistatic scattering is due to

: L multiple scattering and propagation loss. Enhanced back-
3 dB from the theoretical prediction and about 90% less than pi€ . 9 propag e )
Scattering is one possible ramification of multiple
6 dB. . Yo . .
. . scattering® (an enhancement of 3 dB is possiblavhile
Figure 6 shows another comparison between the theor X L
L . : ropagation loss due to volume scatterifgingle or/and
and data. The data are divided into 13 azimuth angle bands . . .
multiple scatteringas the acoustic wave propagates through

and processed by applying a median filter to the cross sect|otrr1]e bubbly sediment results in a deduction in incident inten-
sity. For brevity, we refer this type of propagation loss as
s , , _MEDIAN FILTERED DATA , , forward scattering loss. A single scattering theory excluding
forward scattering loss would lead to the need for a higher
bubble density in the backscattering case as compared to the
bistatic case.

There are at least two other indications of multiple scat-
-5f . tering and forward scattering loss. The first is the downward
looking sonar images takefat 12 kH2 by Lambertet all!
in the region of the experiment. In those images the bubble
layer masks the signals below the layer, resulting in a dra-
matic reduction in the sound level below the layer.

Another(and most dramat)jdndication comes from us-
ing the bistatic model to calculate the total scattered energy.
-20f . The total scattered power from a unit ensonification area can
be obtained by integrating the bistatic scattering cross sec-
tion over all solid angle$),

SCATTERING STRENGTH (dB)

0s 10°-20° and incident grazing angles, of 12°+10°

SCATTERING STRENGTH (dB)

25 L L L L L L L L
(o} 20 40 60 80 100 120 140 160 180

AZIMUTH ANGLE (deg.)

Piot @2) =1 OJ'QPb(y/s( Y2, 0s;a2)d, (14
FIG. 6. Data presented in Fig. 5 are passed through a moving median filter ) o . . )
over an azimuth angle window of 12°. wherel, is the incident intensity at the scattering layer.
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If a surface scattering mechanism is assumed, the totalause as the incidence angle gets shallower the pathlength
incident power on a unit ensonified aréeertical energy through the bubble layer gets longer and the possibility of
flux) is 14 sin(ay). The ratios of the total scattered power scattering from multiple bubbles and the forward scattering
Pt to the total incident power at the scattering layer areloss increases.

10.5, 4.7, 2.1, and 0.8, for incident grazing angies=5°,
10°, 20°, and 40°, respectively. As incident angle ap- ACKNOWLEDGMENTS

proaches zero, the ratio approaches infinity. h Ki d by th | hi q
The fact that the ratios are greater than unity for incident | S Work is supported by the Coastal Benthic Boundary

angles below 34° implies violation of the conservation of -aYer Special Research Program, Office of Navel Research
energy. Furthermore, even though the conservation of energgrant No. N00014-95-1-G904. This is the Woods Hole
is not violated for the higher grazing angles, the high levels2ceanographic Institution Contribution No. 9421.

are still in violation of a single scattering assumption that

relies on small scattering levels relative to the incident inten APPENDIX A

sity. Further comments are included in Sec. Ill. To obtain an average bistatic scattering model of an ob-
late spheroid over orientation and aspect ratio, it is necessary
IIl. CONCLUSIONS to express the required spherical andl®s®P) in local coor-

We have developed a two-layer, single scatter, bistatiglinates K,Y,Z) (modeling coordinatgsn terms of(6,¢) in
model to simulate the scattering by nonspherical bubbleghe global coordinatesx(y,z) (observation coordinatgs
buried in an attenuating sediment. A bubble layer of a finiteThe local coordinate system is chosen in such a way that the
thickness is approximated by a bubble surface at a certaig axis coincides with the axis, and theX axis coincides
depth, i.e., all bubbles are on the surface. The bubbles aiith the broadside unit normal of the oblate spheroid. As

modeled as oblate spheroidal voigsessure release shown in Fig. Al, the incident and scattered wave vector can
When tested against data acquired in Eckernfoerde Baye expressed in global coordinates as
Germany, there is reasonable agreement if bubble density is ko= -
. . : i=(cos 6;,0,—sin 6;), Al
reduced by 35% relative to that used in previous backscatter- ( ! ) (AL)
ing work for the same area. The average scattering strength k.= (cos 65 cos ¢, cos 6 Sin ¢s,sin b5). (A2)

exhibits a mild azimuthal dependence: Maximum scattering The broadsid i | of the oblat heréidl
strength is reached in the forward direction and the minimum h € rola S| egn' tn?rmabo t;’zo _ae;)sp eroudlilesf
occurs when the transmitting and scattering directions arll) e Xy plane and rotales about teaxis by an angie o
close to perpendicular with each other, while backscattering’ot’ representing different orientation of the oblate spher-

has a medium scattering level. The total fluctuation is abou id. Ta EXpress the local C°°rd”?"?“9$'(‘z) n tgrms of th?
global coordinatesx,y,z), we utilize the following coordi-

6 dB. ;
However, even though the single scattering theor)/]ate transformations:
seems quantitatively successful for the Eckernfoerde data in &X:|1kx+|2ky+|3kzy (A3)
some aspects, further consideration of the amount of energy . R . .
scattered indicates that it cannot be the whole story. Section  Ky=miK,+myK,+msK,, (A4)

II C implies that for the Eckernfoerde site multiple scattering A ~ ~ ~
and forward scattering loss must play a role at least for some K=Kyt oKy + 05K, (A5)
range of grazing angles in order to avoid a violation of thewhere, again, upper case letters denote vector components in
conservation of energy. A more severe criterion is set by théhe local coordinate system. The direction cosines of the
data of Lambertet al!! that indicates at least qualitatively three rotated axes can be easily obtained
that the two scattering mechanisms are probably important :
even at normal incidegce. This implies th:t multis)/le S(F:)atter- (11,my,11)=(COS bror, SN brar0), (A6)
ing and forward scattering loss are in effect being treated
phenomenologically in the present single scattering theory zZ
via reduction in bubble density, whereas what is probably
happening is that the deeper bubbles in the bubble layer ar D)
seeing a reduced field. Consequently predictions for scattel
ing back into the water column are consistent with those
measured but predictions of the amount of energy in the Y
sediment below the bubble layer violate both conservation o ki
energy and the more qualitative results of Lambeiral ! N . 7
Therefore, further modeling of the Eckernfoerde site that in- ro|Y X
corporates multiple scattering and forward scattering loss it 8;
desired. T % > x
This motivation for incorporation of multiple scattering .
and forward scattering loss is actually more general. Regard N
less of bubble densities, shallow incidence angles may leaa
to multiscattering effects. In a qualitative sense, this is be- FIG. Al. Geometry of global to local coordinates transformation.

~
=5
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(I2,mz,N2) =(—SiN ¢4,COS Py, 0), (A7)
(I3,m3,n3)=(0,0,1), (A8)
where ¢, is the rotation angle. Using these equations, we a, E G

can express the unit vectors of incident and scattered waves b

in the local coordinates in terms of the spherical angles de- P ]

fined in global coordinatesx(y,z) as —_— 0o
- k;
K;=(c0s 6; coS ¢,o, —COS 6; Sin ¢o, —Sin 6;), (A9) P R by
Ks=(c0s 05 COg ¢ps— ¢qr),COS O F et

X sin( hs— (f’mOaSin bs). (A].O)

Therefore, the two spherical anglgs,®) of the incident and
scattered waves in local coordinate§ Y,Z) are

FIG. B1. Schematic description of the ensonified area for a bistatic scatter-
ing geometry.

Cos0; =K, =C0s 6; COS ¢y, (A11)  where incident and scattering grazing angigsand y, can
A — _ be obtained numerically. Note thBR is positive when point

005 05=Ksx= 05 b5 COS b5~ drod, (A2 s on the right ofa;a, and negative on the left. Positive

kiz value corresponds to a time delay while negative value cor-
tan @; . =tan ¢; cSC ¢, (A13)  responds to a time advance. SimilafQR is positive when

y R is belowb,b, and negative when it is abougb,.

ksz Two arcsEF andGH represent two equal arrival time

tand>s=k—=tan Os CSd s~ Pro)- (Al4)  jines fort—r andt, respectively. They can be obtained by

sy settingA,=0 andA,=r in Eq. (B1), wherer is the pulse
It is convenient to choose a coordinate system in which thgength. The ensonified area at tirhdor the sub-beam con-
incident azimuth anglé; is zero. To do so, we simply rotate sidered is bounded by the two equal time lines and the two
the Y-Z plane abouk axis by ®; because of the symmetry segment€G andFH.
of an oblate spheroid, the new scattering azimuth angle is

found to be
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Reconstruction of the velocity and density in a stratified
acoustic half-space using a short-pulse point source
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The reconstruction of the velocity and density in a stratified half-space using the reflection data
generated by a short-pulse point source is considered. Transverse spatial Hankel transform is applied
to the transient reflected and incident pressures on the surface. The reflection kernel in the
Hankel-transformed space is obtained through a deconvolution. The time-domain Green function
approach based on the wave splitting is then used to reconstruct the parameters. This time-domain
approach to the inverse problem is exact and noniterative. Numerical results for some synthetical
examples are presented to illustrate the Hankel transform, deconvolution, and the reconstruction.
The finite-difference time-domain method is used to generate the transient reflection data in the
physical space in a numerical simulation. The reconstruction using obliquely incident plane waves
is also considered in an Appendix. €97 Acoustical Society of America.

[S0001-496607)00808-4

PACS numbers: 43.30.Pc, 43.30.Ky, 43.20[BHM]

INTRODUCTION media in which the reflection kernel is given data, are well-
A useful technique for the time-domain inverse prob_posed(see Ref. 1L The Wave-splitting Gregn function ap-
lems is based on the method of wave splitting, i.e., the deProach provides a solution to both the direct aisdme
composition of the total field into two components which inverse problems, and the forward data can(dmed usually
propagate in opposite directions. In a homogeneous regiol§) used in the inverse problem. However, it is desirable to
the definition of the split fields reflects the factorization of compute the forward data by a different approach and there-
the wave equation, and projects out the down- and up-goinfPre we also use a finite-difference method to get the forward
parts of the solution. The time-domain wave splitting wasdata. Comparisons are made between the results obtained
first combined with the invariant imbedding idea for one-from the two ways of getting the forward data. We also
dimensional inverse scattering problems, cf., e.g., Refs. 1-®xploit the possibility to use a previously derived explicit
Given an inhomogeneous medium and a splitting, one caand exact result concerning the reflection kernel for an ex-
define associated scattering operators. Invariant imbeddingonentially stratified half-space by the autH8ras a check.
techniques then allow one to obtain partial differential equainverse acoustic problems have been considered by others
tions (PDES9 for these scattering operators. The imbeddingusing different methodgsee, e.g., Refs. 13-17In the
equation for the reflection operator is nonlinear. In Ref. 6, gresent paper, we apply a transverse spatial Hankel trans-
Green function approach based on wave splitting has beefgrm to the transient reflected and incident pressures on the
introduced to map the incident field to the internal split fieldSg,iface. The reflection kernel in the Hankel-transformed
in a stratified medium for a direct problem. In contradistinc—Space is obtained through a deconvolution. The time-domain
tion to the invariant imbedding method, the system of equageen function approach is then used to reconstruct the pa-
tions for the Green functions is linear and is suitable for ., aters with the reflection kernel known as the input. Par-
parallel processing, cf, €.9., Ref. 7. T_he Wave-gphttmg APijal differential equations for the Green functions are given
proach has also been applied to the direct and inverse SC%_gether with the initial and boundary conditions. The

tering problems in the frequency domalisee, e.g., Refs. . . . .
- resent time-domain approach to the inverse problem is ex-

8-10. The wave-splitting approach has been shown to be a : . . .
ct and noniterative. Numerical results are presented to illus-

efficient method for direct and inverse problems concerning{a .
rate the Hankel transform, deconvolution, and reconstruc-

wave propagation in linear media. , . . . .
In the present paper, we apply the time-domain Greefiion for a synthetical example, in which the transient

function approach to the acoustic inverse problem for deflection data in the physical space is generated by the
short-pulse point source over a stratified half-space. Moginite-difference time-domainFDTD) method. Numerical
numerical results obtained from the wave-splitting and im-results for a simultaneous reconstruction of the velocity and
bedding or Green’s function approaches, which can be founéle€nsity using two values of the Hankel-transform parameter
in the literature, concern the inverse problems in which somé@re also presented. The case of the obliquely incident plane
scattering kernele.qg., the reflection kernis taken as given Wwaves is also considered in the Appendix, where the numeri-
data. In the present work the ill-posed steeconvolution  cal results for the reconstruction using two incident angles
between the measured fields and the reflection kernel is irare presented. The present approach has also recently been
cluded in the numerical implementation. In fact, it has beerdeveloped for the inverse problems for three-dimensional in-
shown that some inverse problems relating to plane-stratifiedlomogeneous media; see, e.g., Refs. 18 and 19.
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|. PROBLEM FORMULATION AND WAVE-SPLITTING 82p— 1 &Zp_

i iy R, s sz_: 0, z<0, (2—20)2+r2>0, (8)
Consider transient wave propagation in an inhomoge- 9z°  cg dt
neous acoustic medium which is described by the following ip_
partial differential equation for the pressype?® p(z,0;k)= —t (20ik)=0, for z>0. 9
2
14 P_ V. l Vol=0 1 In the Hankel-transformed space, a wave splitting that
2 7 P p ' . — . —
c” dt p splits the total pressune into a down-going pressuge™ and

where p is the fluid density and: is the velocity of the an up-going pressurp_is defined & [cf. Ref. 3 for the
splitting in the &,y,z) spacé

acoustic wave in the medium. Note that the above acoustic

wave equation does not include any loss mechanism. How- p p

. . p 1/1 —-K
ever, the present approach can be easily generalized to the |&_|_ — apl=T1| p|, (10)
lossy casé! In the present paper we consider the case ofa [P 2[1 K 97 97

point source over a stratified acoustic half-space. The veloc-

ity and density are functions of the depfin the half-space Where the splitting operatd¢ and its inversé& ~* satisfy the
z=0. The upper half-space<0 is homogeneous and the following equation:
point source is located at the position (@), with z;<<O. 1 42
For simplicity of analysis, it is assumed that the velocity and K™ "= (? 12 +k
the density are continuous everywhere, and the phase veloc-

ity is furthermore continuously differentiable far>0 [the ~ The wave splitting in a homogeneous region is obtained as a
discontinuous case can be exactly treated in an analogowonsequence of the obvious factorization of the wave opera-
way with some modifications of the scattering coefficients,tor, i.e.,

2|K. (11

cf., e.g., Ref. 22; steep slopes are used to approximate jump .o— 1 9%
; N : ; 7’p o [0 e ]—
discontinuities of the parameters in the numerical treatment, T2 g Pt K OB K™ p.

cf. Figs. @b) and Al(b)]. Noticing the axial symmetry of the
scattering configuration, we obtain the following equationsThus p™ andp~ have physical interpretation as the trans-
for p=p(r,zt) from Eq. (1) in the cylindrical coordinates formed incident pressure and the transformed reflected pres-
(r,o,2), sure, respectively, in the regiag<z<0.

Equation(7) can be written in a matrix form as

16 10| ap 2p+d I ap_o
@ rar\"ar| @ e P 570 p 0 1w p
g Pl=l1#  d p|=D| IP|.
z>0, (2) E ?W-FK d—z(ln p) E E
10 10/ ap| % (12
C_S G2 rar \F T FZO’ D_ifferentiating EQq.(10) with respect taz and using Eq(12),
yields
<0, (z—2z9)%°+r%>0, 3
’ e X J EFTDT—{E%ﬂT—{E}
wherec,=c(0) is the wave speed in the homogeneous upper? P~ p] oz P
half-space. It is assumed that the incident wave will not —
reach the interface=0 until the timet=0, i.e., we have the |« 'BHD__} (13
initial conditions Y olp
where
Jp
p(r,z,O)=E(r,z,0)=0, for z>0. (4 p, €,
a:—K*1+Z+z(1—K2K2), (14)
In view of the axial symmetry of the scattering problem, the
following Hankel transform is introduced c
ollowing Hankel transform is introduce ,3:72—%—2—2 (1— k2K2), (15
Wz,t;x)=J p(r,z,t)Jo(xr)r dr, 5 0, C
0 -1, Pz  FZ 4 212
5=K +2p+2C(1 Kk°K?), (16)
p(r,z,t)zf P(z,t;)Jo( kT )k dk, (6) wherec,=(d/d2)c, p,=(d/dz)p. Note that in the above
0 derivation, the following relation is used:
wherelJ, is the zeroth-order Bessel function. IK K1 ¢,
Thus from the transformation of Eq&)—(4) we obtain s K t=-K 7 (1—k%K?).
0_2p__ i5_2p__K2—_ i (In p) 07_p_:0 750 @ Equation(13) gives the dynamics for the split pressures in
022 2 a2 PTG \Ne) 5 =0 ’ the Hankel-transformed space.
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Furthermore it has been proved that the operaitors G~

andK? have the following explicit representatioffs: o7 (2tK)*pT(0tx)
+| so-
1 9 . —F .
Kilf(zvt;K)zﬁﬁf(Z,t;K)+A(Z,t;K)*f(Z,t;K), 97 (z.5)*p™ (0 1)

17 Substituting the dynamics syste(h2) into the above equa-
tion, we obtain the following partial differential equations

2 . _ . .
KAz L) =Cz b 1z, (18 (PDES for the Green functiongsee Ref. 21 for a detailed
where derivation in a similar cage
A(z,t; k)= kI (kc(2)t)/t, (19 iGJr:—aA—& KZC_A*G++£ &_,_&
Jz 2c 2|lc p
Clzt: )= c(z) . 20 c
(Z,t,K)_ P S|n(KC(Z)t)- ( ) X(GJr_Gf)_ z_é K2C*(G+_G7), (25)
I‘rt\; *railniEeqs.(17) and (18) denotes the time convolution J . 24 .. ac, S 1c, pil .
.C., —_— = —— _ * —_ — | — pu—
gral 9z c at 2c < 2lc p
t
. . — YN ’. ! c
f(z,t;x)*9(z,t; k) fof(z,t t';k)g(z,t"; k)dt’. (21 _G)+ Z_é 2Cr(GH—GO), 26

Il. GREEN FUNCTION APPROACH TO THE INVERSE together with the following initial condition fo6 ™
PROBLEM cp,
Cc,+ 7

. (27)

1
G (z,0;k)= 1 a
The Green function§=(z,t; k) are defined as the con-
volution kernels of the mappings from the incident pressure  From definition(22) for the Green functions, we have
at z=0 to the internal split pressures in the Hankel-the following boundary conditions:
transformed space according to

G (0t;k)=0, (28)
—_r AT .
[S— (zt+7(2);k)=a(2) P (%’t’K) G (0t;k)=R(t; ), (29

whereR(t; k) is the reflection kerndli.e., the reflection due
t ; enTr O ;
f GH(zt": k)P (04 —t": k)dt’ to an impulsivep'(0t; x)] defined a&'
0 t
t ’ pr(oL; =JRt’; p(0t—t';x)dt’, 30
f G (z,t";k)pT (0t—t"; k)dt’ P(OLi) 0 (P ) 30
0 _ _
(220  wherep'(0t;x) andp'(0t;«) are the reflected and incident

) ) pressures, respectively, at the surface0 in the Hankel-
where 7(z) corresponds to the vertical travel time from 0 t0 transformed space.

Z 1.e., In the inverse problem, the reflection kerri(t; ) is
2 dz obtained from the measured transient reflection on the sur-
T(Z):f —_ (23)  face; see Sec. Il B.
0o ¢(Z') If the reflection kerneR(t; ) is known for a fixed value
. . of x, we can propagate the known boundary valuEsEgs.
anda(z) is the attenuation factor (28) and (29)] to the initial values using the PDEs for the

2)c(2) Green functions. The velocitg(z) or the densityp(z) can
p—_ (24) then be reconstructed according to initial conditiq2s).
p(0)c(0) The numerical algorithm and results for the reconstruction

The appearance of the time convolution integrals in defini-WIII be given in Sec. IV. The input data for the reconstruc-

tions (22) is due to the fact that the response of the mediunf!On IS the reflection kerneR(t; «) with a fixed value ofk. In

is causal and invariant under time translation. the next section we will show how to obtai(t; «).
Differentiating Eq.(22) with respect taz, we obtain the

following equation:

a(z)=

Ill. OBTAINING THE REFLECTION KERNEL

[N 14 [p"
oz |p” (Z’”T)*gg P (zt+7) In this section, we compute the reflected pressure in
— physical space with the finite-difference time-domain
_ dajip™(0t;«) (FDTD) method, and then take the transverse Hankel trans-
dz 0 form (with a fixed value ofk) for the reflected pressure at the
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surface, as well as for the incident pressure. The reflection - f(t—|r—rgl/co)
kernelR(t; ) is then obtained from a deconvolution accord- p=—
ing to Eq.(30).

4alr—ryl (32

_ ) _ ) _ The total pressure(x,y,z,t) satisfies the following equa-
A. Generating reflection data in physical space using tion:

the FDTD method

We use the FDTD method to generate the reflected pres- 1 7p
sure for a short-pulse point sourjeith a time-varying func- c_é Jt?
tion f(t)] over a half-space with a stratified densitiie ve-
locity is taken to be a constang in this numerical example From Egs.(31) and (33), we obtain the following equa-
in order to check with a previously derived explicit and exacttion for the scattered pressurps(x,y,z,t)=p(Xx,y,zt)

. %Vp)z&(r—ro)f(t). (33

result, cf. Ref. 12 -p'(x,y,z,1):

~ In the xyz coordinate system, the incident pressure

p'(x,y,z,t) satisfies the following equation: i azps_vzps &i ps:_&i o (34
1 4% ' ¢ at? p 9z p dz" "
=~ V2p'=a(r—ro)f(1), (31)
cg ot

Using central difference formulas to approximate the above
where ro=(0,0,z5). Obviously the solution to the above partial differential equation, one obtains the following dis-
equation is cretized equation:

p3(i,j,k,n+1)=2p%i,j,k,n)—p3(i ,j,k,n—1)+(coAt/Az)2{[pS(i +1,j,k,n)—2p%(i,j,k,n)+p3%i—1,,k,n)]
+[p%(i,j+1k,n)—2p%(i,j,k,n)+p3(i,j—1k,n)]+[p3(i,j, k+1n)—2p3i,j,k,n)+ps(i,j,k—1,n)]
—%AZ(pZ/p)(i,j,k)[ps(i,j,k+1,n)—ps(i,j,k—l,n)+pi(i,j,k+1,n)—pi(i ,j,k_l,n)]}, (35)

where p3(i,j,k,n)=p5(iAx,jAy,kAz,nAt) with Ax=Ay  example. Numerical computation domains have to be finite.
=Az, etc. The initial values are In this example, the boundary surfaces of the computation
. . domain are set to be far enough away that putpidgo zero
p*(i.j.k,—1)=pi.j.k,0)=0, (36 at the boundary surfaces will have no effect phat the
due to the fact that there is no scattering before the time receiving points and during the time periods of inteféise
=0 (the incident wave has not reached the interfaced source point can be in the computation domain in this ex-
yet). This algorithm is stable whe(see, e.g., Refs. 23 and ample sincep' is zero(nonsingulay at the source point for
24) t>0; note that,<|zy|/cg in this examplé On the interface
z=0, p® is identical to the reflected pressyse We choose
At< Az Az= 3, At=0.2(A2z)/cg dug to the limited storage space of
our computer. The numerical results for the reflected pres-

< Vicy.
) surep” along a line on the interface=0 are plotted in Fig.
As a numerical example, we choose the short pulse to havg

the following time dependence:

(37

sin m 77)' B. Obtaining the reflection kernel from the reflection
to data on the surface
(39

)= when —|zo|/cost<=—|zo|/co+1g,

. 1. Hankel transform
0, otherwise.

_ o _ _ On the surface=0, we take a Hankel transfor(b) (for
Thus it has nonzero values only within a time widgh and 5 fixed value of«) of the reflected pressugg calculated by
reaches the interface=0 at the timet=0 [note that the 1o FDTD method in the previous subsection, as well as of
position of the point source is (04)]. The density profile  he incident pressurp‘ [cf. Eq. (32)]. Since we use a time-

used in this numerical example is domain method and the pressyér,z,t) is nonzero only
e 241+ a)? within a finite regionr <r, on the surfacg=0 at any finite
p(2)=pg (e 2Pt q)2 z>0, (399 timet=t,, the transverse spatial Hankel transfo@ does

not have any convergence problem. The numerical results
wherepg=1, =1, anda=0.1. The velocity isc=co=1. are plotted in Fig. 2, where the solid and dashed lines are for
We choosezy= —0.5 for the position of the point source, the Hankel-transformedwith «=1) reflected and incident
andty= 0.4 in Eq.(38) for the width of the short pulse in this pressures, respectively, at the surfaee0.
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6- surface z=0 l re;ewer
<«—offset —>
inhomogeneous medium

FIG. 1. The transient reflected pressure along a line on the surfabefor
the density profile given by Eq39) with py=1, 8=1, anda=0.1 (see the
solid line in Fig. 5; the velocitxce=cy=1). The short-pulse point source is
described by Eqs(32) and (38) with zy,=—0.5, t,=0.4. The numerical
results are obtained through the FDTD method.

2. Deconvolution

After the Hankel transformation of the reflected and in-
cident pressures on the surfaze 0, the reflection kernel
R(t; k) is now obtained from a deconvolution according to
Eq. (30). The deconvolution program used here is based o
the fast Fourier transform @80). In a deconvolution process
we have to take a cutoff frequenay,f, Since the high-
frequency components are mainly noise introduced from th
measuremenin our numerical simulation it is the computa-
tional errors of the finite-difference methodand the Hankel

transform. The deconvolution is an ill-posed problem and a

0.02

—— reflected 7 (0,t; x)
incident p ¢ (O,t; )

0.01 §

Transformed pressure

-0.01

0.03

0.02

Spectrum ( | amplitude | )

0.01

——

METTTS

T

4 6

Frequency @

0.8

Spectrum of R(0,t;X) ( | amplitude 1)

v

|‘i‘13||| Liid

0.0

6 8
Frequency @

(b)

FIG. 3. () The corresponding spectr@] p'(0t; k=1)] (the solid ling and
1p'(0t;xk=1)] (the dotted ling for the example used in Fig. 1b) The
corresponding spectrumi[ R(t; k=1)].

®egularization filter is necessary to yield a stable and physi-
cally consistent result. LeR(w;«x) be the spectrum of
R(t; x); we then use the following formula:

1P (04;6)]

{“[p (04 ) THATP' (0 k) I}*
P00+ Ao

where\ is a filtering constantsee Ref. 25 for more detalls
and the superscriptt denotes the complex conjugate.
R(t; ) is then obtained from the inverse Fourier transform
of the spectrunR(w; ).

The deconvolution result is plotted in Figs. 3 and 4. The
spectraZ[p'(0t; k=1)] and.Z[p'(0,t; k= 1)] (their ampli-
tudes are plotted in Fig. @), and the spectrun¥R(t; x
= 1)] obtained through Eq40) is shown in Fig. ). The
reflection kernelR(t;x=1) obtained from a deconvolution
with the cutoff frequencyw o= 4.5 is presented in Fig. 4
by the solid line. The exact solution f&(t; ) given by Cao

ﬁ(w;K)=

(40)

2 . . . _ .
FIG. 2. The corresponding Hankel-transformed reflected and incident pres2nd Hé? [cf. Eq. (41) in the next sectiohwith k=1 is also

sures atz=0. The value for the Hankel-transform parametekis1.
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—— true profile
8 ~— R obtained from the deconvolution - -- rec. using R (from deconvolution)
------ the exact R from the explicit expression (42) -~ r@C, USing R (from corrected deconvolution)

. 0.3
£
T 0.2 e
z g
5 g
£ 0.1 e
3
2
e
o 0.0
=4
£
-0.1
0 T T 1
0 1 2 3
-0.2 T T T T T T T Depth 2
0 1 2 3 4 5 6 7
Time t FIG. 5. Reconstruction of the density using the reflection kernel obtained

from the deconvolution. The solid line is the true profile. The dashed line is
FIG. 4. The reflection kerneR(t;x=1) (the solid lineé obtained from a  the reconstruction usin&(t;x=1) directly obtained from the deconvolu-
deconvolution with the cutoff frequenay = 4.5, for the example used tion (the solid line in Fig. 4 The dotted line is the reconstruction using
in Fig. 1. The dotted line is from the exact expressiéh). The dashed line  R(t;x=1) obtained from the corrected deconvolutidhe dashed line seg-
segment AB is the correction to the deconvolution for smallising the ~ ment AB and the remaining part of the solid curve in Fig. 4
prior knowledge ofR att=0).

) . __ described above in this subsection. Once the reflection kernel
reflection kerneR(t; x) obtained from the deconvolution is R; «) is obtained, we can use the Green function approach

consistent with the exadR(t;«) except for smallt. The  gescribed in the previous section to reconstruct the param-
main reason for the error at smalis due to the use of the eters in the stratified half-space.

cutoff frequency in the deconvolution procesee only use
the information with the frequencies lower thag s in the
spectra of the reflected and incident pressuné& note that IV. NUMERICAL RECONSTRUCTION

R(t;K)It:o=f R(w,x)dw. A. Example 1

Example 1 demonstrates reconstruction of the density

Note that practically the bandwidth does not need to be infiusing the reflection kernel obtained from the deconvolution.
nite for the present inversion technique to be successful. The reflection kerneR(t;x=1) (the solid line in Fig. 4

If we know the parameters at the surface0, we can  obtained from the deconvolution in the previous section is
obtain the correct value ®(t=0;«) from the initial condi- now used as the boundary value of the Green funcBon
tion (27), and then replace the beginning portion of the[cf. Eq. (29)] in the Green function approach to reconstruct
R(t; k) curve for smallt with a straight short line segment the densityp(z). After propagating the known boundary val-
connecting to a point with a reasonably reliable valueRof ues[cf. Egs. (28) and (29)] to the initial values using the
(e.g., point B in Fig. 4, as shown by the dashed short line PDEs for the Green functions, the densji{z) is recon-
segment AB in Fig. 4this will be referred to af(t;«), structed using the initial condition®7) (see Ref. 21 for a
obtained from a corrected deconvolution, which will also bemore detailed description of the numerical algorithm for the
used in the reconstruction in the next sectioWe can also Green function approaghThe reconstructed densip(z) is
set the surface of the inhomogeneous medium a bit lower tplotted by the dashed line in Fig. 5, where the solid line is
the planez=z,>0 so that the parameters in the region 0 the true profile given by Eq.39). We note that even though
<z=<z, are known(e.g., the air, which meansR(t;«) is  R(t;x=1) used here is quite different from the true value for
known for a short period of timesft<t,. In such a way smallt (cf. Fig. 4), the reconstruction is still good. This
we can remove the error iR(t; ) (obtained from a decon- indicates that the values of the reflection kerRét; «) for
volution) for small te (0t;). Nevertheless, the errors in smallt are not critical for reconstruction in the present Green
R(t;x) for smallt are not critical for the Green function function approach. The reconstruction can be improved by
approach to the reconstruction, as we will see in the nextising the reflection kerndR(t;x=1) (the dashed line seg-
section. ment AB and the remaining part of the solid curve in Fig. 4

In a real experiment, we measure the total transient pressbtained from a corrected deconvolution, as shown by the
sure along a line on the surfage=0 for a finite period of dotted line in Fig. 5. Note that the error of the reconstruction
time, and obtain the reflected pressure by subtracting that the deep positions in Fig. 5 is due to the computation
incident pressurdgenerated by a point source with short errors introduced in the process of FDTD, Hankel transform,
time-varying pulsg We choose a specific value of the and deconvolution.
Hankel-transform parameterto transform the surfacénci- As shown in Ref. 12, the reflection kernel for this spe-
dent and reflecteddata. Then we perform the deconvolution cial density profile(when a# 1) has the following exact ex-
to obtain the reflection kernd®(t; «) for this chosernk, as  plicit form:
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L[4 B dy(cat VWP )« B. Example 2
R(tix)= a B ' t B Example 2 shows simultaneous reconstruction using two
) different values of. In this numerical example, we will use
J1(Coxt) n a’-1 -CoBf 5t ) (41) the reflection kerneR(t; «) for two different values ok to
t otz reconstruct the velocitg(z) and the densityp(z) simulta-

neously. Theoretical conditions for simultaneous reconstruc-

wherea=1-a/1+ « and . ; i
tion in a similar case have been reported by He and

)= 1 1 \/KZJrﬁ2 Karlsson?! and the relation between the Green functions and
2(tik) = 5 fa(tik) + oo Fatim)* B the imbedding reflection kern&(z,t; k) was used there. In

the present paper we introduce a funct®f(z,t; ) through
the following Volterra equation of the second kind

Jl(COI\/K +ﬁ ) K Jl(CoKt)
t Bt
(1—a?)cyB aR+ G *R=9,G™ —
2a

o+ 22
p

1 G* (42

f1(t;x)=Jo(Coxt) —
t [in fact Ry(z,t;«) is the time derivative of the imbedding
XJ’ Jo(CorZ—t'2)e [(1-acopialt’ g/ reflection kerneR(z,t; )], which has an unique solution for
0 Rr(z,t; k) when the Green function&* are known at the
The exactR(t;«) given by Eq.(41) for k=1 is plotted by depthz. Using the PDEs folG* and the initial condition
the dotted line in Fig. 4. Synthetically, we can also generaté27) for G-, we can obtain the following useful condition
R(t;«) by propagatingi.e., integrating along the character- (see Ref. 21 for a detailed derivation in a similar gase
istics) the initial values of the Green functiofsf. Eq. (27);
the initial values forG* can be obtained by integration of
Eq. (25) along +z direction| to the boundary values using / (Kl KZ)
the PDEs for the Green functiorisote that the boundary
value of G™ givesR, cf. Eq.(29)]. The numerical result for —_ 2
R(t;x) obtained by such an integration of the PDEs for 8
G™ is identical to the explicit exact solutiofotted line in
Fig. 4) on the scale of Fig. 4 when the number of the dis-Equations(27) (with x=«;) and (43) can be used as two
crelization points ire is greater than 128. Since the reflection independent conditions for a simultaneous reconstruction
kernel obtained through a process of FDTD computation[note that the right-hand sides of these two equations give
Hankel transform, and deconvolution is consistent with thedwo different combinations o€, andp,; ¢, andp, are re-
explicit exact solution(except for smallt; cf. Fig. 4, the  constructed by the algorithm, while(z) and p(z) are ob-
reflection kernel obtained through the integration of thetained by z integrations of ¢, and p,, respectively.
PDEs forG* along the characteristics is also consistent with(#R7)(2,0;«) in Eq. (43) can be calculated numerically as
the one obtained through a process of FDTD computationfollows:
Hankel transform, and deconvolutigexcept for smallt).
Therefore, in the numerical example of a simultaneous re- ( J R )(z 0i)— Ry(z,At; k) — Ry(2,0;x)
construction given below, instead of through a process of at T At '
FDTD computation, Hankel transform, and deconvolution,
we generate the reflection kerrR{t; ) through integration ~Where[cf. Eq. (42)]
of the PDEs forG* along the characteristidshis certainly
gives higher accuracy of the reflection kerRl; «) for use
as an input for the inverse problém

at RT)(Z 0 Kl) (at RT)(Z 0; K2

(43)

G*|(z,0:x),

1
R+1(z,0;x)= a [atG‘— —

C
CZ+ ﬁ
4 p

(6,G7)(z,At;k)—

1
c +—)G (z,At; k) — 3AtG ™ (z,At; k)R1(2,0;k)
Ry(z,At; k)=

a+ 3AtG*(z,0;x)

The reflection kerneR(t; «) for k=0.01 andx=3 are plot- ity) in Fig. 6b). The gridsize used here ist=27(zya)/N,

ted in Fig. &a) for the profiles shown in Fig.®). The si-  Az=c(z)At/2, withN=512,7,,,=1.1. Note that the simul-
multaneous reconstruction of the velocit{z) and the den- taneous reconstruction algorithm works even for two small
sity p(z) using R(t;x=0.01) andR(t;x=3) are given by values, e.g.x=0.01 and«=0.1; however, the algorithm
the circles(output with every fourth point for graphical clar- will then be less stable under noise. For this reason it is
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also be solved by the wave-splitting Green function approach
and the necessary formulas are given in an Appendix. Simul-
taneous reconstruction of the velocity and density then uses
incidence for two different angles.

In most frequency-based approaches, one has to assume
that the parameters become constant after a certain depth
(since the reflectivity problem in the frequency domain has a
solution only for such a profije see, e.g., Refs. 26 and 16
(and the earlier references given therén approach which
treats the problem directly in the time domaflike the
present approaghdoes not have such a restriction for the
parameter profile. The main advantage of the present time-
Time 1 domain approach is that the reconstruction is theoretically

exact and noniterative.
Parameter inversions from some experimental measure-
ments using the present wave-splitting approach have been
' carried out recently at our departmedBtepartment of Elec-
o 'r’e”foﬁé?r'ﬁim tromagnetic Theory, Royal Institute of Technology, Swe-
den, cf. e.g., Refs. 27 and 28. However, the experimental
aspects will not be addressed in the present paper.

Reflection kernel R(t;x)

1.10 4

1.05
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APPENDIX: RECONSTRUCTION USING OBLIQUELY

FIG. 6. (a) The reflection kerneR(t;«) for two different values of the INCIDENT PLANE WAVES
Hankel-transform parameter, «;=0.01, andk,=3. (b) Simultaneous re- In this Appendix, we consider the inverse acoustic prob-
construction of the velocity and density using the reflection dataxfor lem using obliquely incident pIane waves. If the plane of

=0.01, andx,=3. L T
andie incidence is in thexz plane, then the pressure has the fol-
lowing form:
better to choose the two values efto be separated well
: - sin 6
enough for the simultaneous reconstruction. = p(z,t— ——x; 6), (A1)
0
V. CONCLUSION ie.,
We have considered the acoustic inverse problem for a _sing B
short-pulse point source over a stratified half-space. Trans- Ix=— Co g, 9y=0, (A2)

verse spatial Hankel transform has been applied to the tran- . . , L

sient reflected and incident pressures on the surface. TH¥here 6 is the incident angle, and, is the velocity in the
reflection kernel in the Hankel-transformed space has beefPP€r homogeneous half-space. Thus we only need to con-
obtained through a deconvolution. The time-domain Greery'der t_he pressures at those points witr0, and the condi-
function approach based on wave splitting has been used f#fn X=0 will be suppressed in all the equations hereafter.
reconstruct the parameters. Numerical results have been preh€ Pressures are assumed to be identically zero in the strati-
sented to illustrate the Hankel transform, the deconvolution{ed half-space>0 (with x=0) for the timet<0, i.e.,

and the reconstruction for a synthetical example, in which  p(z,t;8)|,<,=0, for z>0. (A3)

the transient reflection data in the physical space is generat . :

by the finite-difference time-domai(FDTD) method. The el%en the acoustic wave equatiahy becomes

reconstruction algorithm has been shown numerically to be 1 °p ’p p,dp
stable, and has been checked using a closed-form expression cZ(7 gy 52 5% + b iz =Y, (A4)

for the reflection kernel for a special density profile. Numeri-
cal results for a simultaneous reconstruction of the velocityVhere

and density using two values of the Hankel-transform param- 1 Sir? 6
eter have also been given. Analogous acoustic reconstruction ¢(z;0)= 1/ — (A5)
: c“(2) Co
problems can be formulated for the case of oblique plane-

wave incidence on a stratified half-space. This problem caffhe split pressures are as follows:
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1
P (zt;6)= 5 (AB)

—jt 0p ! . d!
p¥c OE(Z’t ;6)dt' |,

The following dynamic equation for the split pressures is

then obtained

Jd|p
az|p~
Jd  py z Pz C_z
_(1/0)54'54'% _Z_Z_C—
a pz C; — Pz C_Z
_Z_Z_C_ (1/C)E+Z+%
p+
x| 1, A7
0 (A7)
where
SN cs A8
CZ(Za )_ 9z C_CZ(Z)' [Cg_CZ(Z)SinZ 6]3/2' ( )

Similarly, the Green functions are defined as follows:
p* p*(0t;6)
p- 0

(z,t+7(2);0)=a(z2)

G*(zt;0)xp™(0t;0)
* G‘(z,t;m*p*(o,t;a)}’ (A9)

where

z dz7/ [p(2)c(2)
T(Z):focTT)' 2=V 05500y

The PDEs for the Green functions are as follows:

(A10)

J 1[c, »p

—Gt=2 | Z+Z2|(GT -G~

pe 5 C+p (G*=G), (A11)
g 29 _ 1lc, p| .,

2% “ta® T2[cyC ) AR

— clean data
M4 - -~ noisy data

/9=45

Reflection kernel R(t;0)

[ —— true profile
~~~~~~~~~~~ rec. using clean data
- -~ rec. using noisy data

Parameter ¢ orp

0.8 T

() 0.0 0.2 0.4 0.6 0.8 1.0
Depth z

FIG. Al. (a) The reflection kerneR(t; ) for two different incident angles
6=0° and 45°.(b) Simultaneous reconstruction of the velocity and density
using the reflection data fat=0° and 45°.

At=2Az/c, with N=1024, z,,,=1.1. Since the grid size
At differs for different depthz, an interpolation is used in
propagatingG™= to the next layer. We have also tested the

We also have the following initial and boundary conditions noisy data for the reflection kern&(t;8) as shown by the

for the Green functions:

o1 S p;
G (20:6)=72 [c2—c?(2)sir? 6]%72 Rl
(A13)
G*(0t;6)=0, (A14)
G (0t;0)=R(0;6). (A15)

dashed line in Fig. AR) [the Gaussian random noise has a
root mean square signal to noise ratio (r8i8l) of 8.6]. The
corresponding reconstruction is given by the dashed line in
Fig. Al(b), which indicates that the inverse algorithm is
stable for the noise data. One can certainly perform a similar
reconstruction using the reflection kerri(t; §) for §=0°

and 30°. Again, we note that the incident angles need to be
separated well enough for the simultaneous reconstruction to

Equations(A11)—(A15) constitute a set of equations with be stable under noise.

which the inverse problem can be solved.

Example A1.This example shows simultaneous recon- 1j. p. Corones, M. E. Davison, and R. J. Krueger, “Direct and inverse
struction using two different incident angles. The reflection scattering in the time domain via invariant imbedding equations,” J.

kernelR(t; ) for 6=0° and 45 ° are plotted in Fig. A&

for the profiles shown in Fig. Ab) (where steep slopes are

used to approximate jump discontinuities in the densithe
simultaneous reconstruction of the velodityz) and the den-
sity p(z) are given by the dotted lines in Fig. &%), which
essentially coincide with the true profiléthe solid lines.
The grid size used here At=27(Z,.0/N, Az=27,,,/N,
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Extraction of a target scattering response from measurements
made over long ranges in shallow water

Angie Sarkissian
Naval Research Laboratory, Washington, DC 20375-5350
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The scattering response of a structure may be extracted from acoustic measurements made in
shallow water at relatively long ranges from the target. The procedure described uses an array of
sources to approximately generate a low-order mode and an array of receivers to isolate from the
received echo a low-order mode. Since low-order modes behave as plane waves in the vicinity of
the target, the free-field target response may be extracted from such measurements. In general, such
a procedure for the generation of a low-order mode requires a large number of sources. The number
is of the order of the number of propagating, nonevanescent modes present in the shallow water
environment at the frequencies used. If this number is prohibitively large, temporal discrimination
may be used in addition to beamforming to reduce the number of sources necessary for the isolation
of the free-field target response. Similarly, the number of receivers required for the isolation of a
mode from the received signal may be reduced by the use of temporal discrimination in addition to
beamforming techniques. This article presents the detailed procedure used as well as numerical
simulations to demonstrate the feasibility of such a prodé&3001-49687)00208-7

PACS numbers: 43.30.Bp, 43.30.Gv, 43.30JRIM]

INTRODUCTION

1 1 %P
) 1

pV'(— VP ——ZWZ y
A single omnidirectional source placed in shallow water p ¢

Wll! producg an mc@ent fle!d ona target that contqlns 'nter'wherec=c(r) is the time-independent sound speed. The use
fering multipath arrivals. Similarly, the scattered field from

. s ) . of Fourier decomposition reduces this to a three-dimensional
the target arrives at a receiver through multipaths which prog, .01

duce interference effects. If the source and the receiver are

placed at long ranges from the target, the multipaths arrive at _

the receiver very close in time. Thus the use of simple time- P(ht):J p(r,w)e ' do, 2
gating techniques will not be feasible for isolation of the

target response from the received signal. where the solution in the frequency domaifr,») satisfies

The use of beamforming techniques allows the isolation
of the target response more readilin this case, beamform-
ing may be applied to a vertical or horizontal array of
sources to generate a low-order shallow water mode since
low-order modes, in the vicinity of the target, behave asAbove,k=w/c is the wave number.
plane waves. Similarly, a vertical or a horizontal array of ~ An omnidirectional source placed at positiog pro-
receivers may be used to extract from the received signal @uces a field that satisfies
low-order mode. The procedure for the generation of a given
mode in shallow water with a discrete vertical or horizontal pV-(E Vp
array of sources is well known but it typically requires the P

number of sources to be at least as many as the number of

propagating modes present in the shallow water medium ﬁhergqo IIS the sourcg amp(ljltude andlis the D'rﬁc delrt]a
the frequencies of interest. This number, which increaseltNction. In @ range-independent environment, where the co-

with frequency and with water depth, may be prohibitively ordinate system is placed with tlzeaxis along the vertical

large. The alternative approach used here is to generc";ltedzgect'on with c=c(2), the normal mode solution to the

low-order mode and suppress other low-order modes whilgPove equation fs
the higher-order modes are removed by the use of time-

gating techniques. p(r)=qoi n; Un(2)Un(Z) HE (el p— o)), (5)

+k?p=0. ®)

v(lv
PV VP

+k2p=0qod(r—rs), (4

whereH{" is the zeroth-order cylindrical Hankel function of
|. THE SCATTERED FIELD IN A BOUNDED MEDIUM the first kind andp is the projection of onto thex-y plane.
At long ranges, wher&|p—p¢>1, only a finite numbeN
In shallow water, the acoustic pressure fi®t,t) sat- of propagating modes contribute to the above sum. They
isfies the wave equation form the discrete spectrum of the nonevanescent modes with
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may similarly be expanded in terms of plane waves,

N un(z')
" — i\1/2 n
. G(rr)=(2m)"?3 =

source

X [anei(knlpfp’lJranZ) + bnei(knlpfp’lfanz)] .

(12

FIG. 1. Geometry showing the source, the scatterer, and the coordinate ]
system in the shallow water environment. To solve for the scattered fiefr}, we use the Helmholtz

integral equatioh

realk, values. In this case the far-field approximation to the 1 . )
Hankel function gives Ps(r') =7 Js[p(r)n-VG(r,r )
N
o(0) = qo(27)12S, — —A-Vp(r)G(r,r')]ds, (13)
n=1 (kn|P_ps|)

wherep(r) is the total field,

Consider the geometry shown in Fig. 1, where an omni- PIE)=Pi(1)+Ps(1). 19
directional source produces a field satisfying Et), which We next define the variablepﬁi to be the the scattered
is then scattered by a target and measured by a receiver. fitld produced by a plane wave of the fomtknl?=rsl*@n2)
both the source and the receiver are distant from the targefacident on the scatterer in the bounded medium. Using the
and the target is sufficiently distant from shallow water principle of the wave superposition for a linear medium, the
boundaries for multiple scattering effects to be negligifle, incident field given by Eq(11) produces a scattered field
then the scattered field may be written in a simple f8fm. given by
Ingenita® derived this algorithm for an arbitrary target satis-
fying rigid boundary conditions and stated that it may be , Un(Zs)
generalized to the more generic case. Here the algorithm is pS(r):q(zm)llzz‘l (knps) ™ [20Py: +bnPy-1. (19
derived for a target satisfying arbitrary boundary conditions.
We follow a procedure similar to Ingenito’s. We have assumed above that the size of the scatterer is much
Assuming the sound speed near the scatterer is approxiess than the distance between the source and the scatterer, so
mately constant, each normal modg in this region varies that|p— ps| remains constant for poinjson the region near
approximately sinusoidally, the surface of the scatterer.
An expression forpﬁ: may be determined from the

X Up(2Z)Up(zg) e Knlp=psh),

N

— iz —ianz

Un(2)=an€ "+ bye %, @) Helmholtz integral equation. The substitution of the Green’s
where function expression, Eq12), into Eq. (13) and the use of

? 1/2 Eqg. (14) results in

.= __kZ) , 8
n (CZ n () ] ( ’) 1( i )1/2 N Um(Z’)
(=552 1

1 uyzo] Pr=ll=2 127 &1 (ko)™

an=§ Un(Ze) + i e ', 9)
an .
Xf{[e'(knlpfpslianz)

1 Up(ze) | . s
b= |up(ze) — ——|€'n%, (10

2 la b 1~ i 4

n +pni]n.V[ame'(km‘P*P [+ am2)

z. is thez coordinate of the center of the scatterer, and prime
designates differentiation with respect to the argument. For
simplicity we choose the center of the scatterer to lie at the
coordinate origin, witlz.= 0, without any loss of generality.
Substitution of Eq.(7) into the expression for the incident i(Kmlp—p' |- am2)

field p; given by Eq.(6) results in * e 17dS, (18

+ bmei(kmlp—p’\—me)] -h ,V[ei(kn\p—pslianZ)

+pp. J[ape! mle= eI+ an?)

N where we have again assumed that the size of the scatterer is
pi(r)=q(2wi)1’22 Un(2) - [anei<kn\p—ps|+anz) much less than the distance benNeémnd the scatterer, so
i=1 (Kolp—ps|) that |p— p’| remains constant for poinys on the surface of

(ko= pdl — o the scatterer.

el e, (11 We define the variablep;. to be the scattered field
This represents the expansion of the incident field in terms gproduced by a plane wave field of the forgffknle—pd = @n2)
a finite number of plane waves incident from various direc-incident on the target in free space. This field also satisfies
tions. The shallow water Green’s functio®(r,r’), for k|r the Helmholtz integral equation but with the free-field
—r’|>1, which is also the solution to E¢4) with qo=1,  Green’s function,
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1 II. BEAMFORMING

u " i(Kplp—pgl + @2)
(r')y=— e!(Kn sl = n
pr‘l_( 477 S{[

The low-order modes in Eq5) have smalla, values.
From Egs.(7) and (8), it is apparent that, for these modes,
the wave number in the horizontal directiGp approaches
wl/c, making the modes behave similar to plane waves
propagating horizontally. The isolation of a target response
could therefore be accomplished by the generation of one
elklr—r'| low-order mode and the extraction from the received echo of
+pn.(r)] m]ds (170  one low-order mode. The generation of a low-order mode

may be accomplished with the use of a vertical or a horizon-
This has the far-field approximation given by tal array with source strengths weighed to suppress other
low-order modes. Additionally, since higher-order modes
have much lower group velocities in the horizontal direction,
the use of time-windowing techniques may be used to isolate
the low-order mode from the high-order modes. The isola-
+pﬁt(r)]ﬁ.Ve—ikF’*_ﬁ.v[ei<kn\p—psltan2) tion of a low-order mode from the received signal is simi-
larly accomplished with an array of receivers and the use of

|k|r r'|
PR (IR 1

—N-V[elknlp=psl = an2)

|(kn|P Psl anz)

pn+(r )_ 477

+ pﬁi(r)]e*”‘F' ds, (18  time-windowing techniques.
or A. Vertical arrays
aikr Consider a vertical array of M sources with equal spac-
pu.(r,0,¢)= — ei(knps)s(f’_kn+)' (19  ing Azs between any two adjacent sources, where source 1
+ r +

has coordinatesp,zs,¢s). At long ranges, such a source

where q’;ni) is the direction of the plane-wave distribution will produce a field given by

ei (knlp—pg| = an2) Satisfying M N

1
PIN=(27)™ 2 G2, = Ty Un(2)
w Ps
— k o + ap, 20 _
¢ Ko 1= (Kl P pd = te2) (20 X Up(Zg+[m—1]Azg) €' <nlo=pd), (23)

S is the scattering function in an unbounded medium thatvhereq,, is the source strength of souroe and we recall
depends only on the direction of the incident field and thethat N is the number of propagating modes in the environ-
direction of the position where the scattered field is meament.

sured. Combining Eq916), (18), and (19), and assuming If M=N, then such an array may be used to generate a
that the scattered field on the surface of the target and itgeld consisting of only one mode, having the form

normal derivative in a bounded medium are the same as the
fields in an unbounded medium, i.e!.|s=p".|s and

1 N b i (knlp_l’s‘)_
n'Vpgt|S: n'Vpni|Sy we obtain

1 )
) = i\1/2 i
Pigeal ) = Q(27ri) (kn|p_ps|)l7? Un(2)€e

(24)
p2.(r)= (277,)1/22 um—(ir gl (knps+kmp) The satisfaction of Eq9423) and(24) for all z requires the
m=1 (Kmp) solution to the system of equations
X[anS(km Kne) + DSk ko)l (D) u
2 Anmdm=Bn, (25
Substituting this into Eq(15) gives the total scattered field in m=1
the bounded medium where
(Zs)um(2) 1
ry=2mi —”,—,- i(knpstKmp) A= (270)12
Ps(r)= qE 2 Knpo) (ko) 72 € =) o o)™
X[ananS(k +fn+>+an bnS(ken- n+) X Up(Z+[M—1]Azg)e!*alees) (26)
+DpanS(km+ ko) +bpbnS(km- ky )], (220 and
wrz)ere a, and b, are given by Eqs(9) and (10) with z =(2mi)t 2Q =r |)1ze( nlp—pg)). 27)
=V. S

If multiple scattering effects cannot be neglected be'Matrix A, with elementsA, may be inverted using the

cause the target is close to a shallqw water boundary, t_hel ast-squares method to obtain a solution for the source
other approaches for the determination of the scattered fiel rengthsg
m:

include the T-matrix methot;*® the boundary-element
method}!! and the method of wave superposition. q=(ATA)'ATB, (28)
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FIG. 2. The cylindrical scatterer where the dashed line on the right repre-
sents the plane of symmetry of the cylinder.

THvmg

142m

where 1 designates the adjoint operation; column vegtier \74m p=1.94g/em? \a_'al
defined to have elementg,; and column vectoB has ele-
mentB, in the nth row, and zeroes elsewhere. This proce-
dure is similar to the determination of mode strengths from
measurements made using an arraywbthydrophones dis-
cussed by Tindegt al?

If M<N, then the system of equations given by Ezp)
will be over_determlned. In this ca_se, the least-squares ProC&1G. 3. The shallow water environment wherés the attenuation in dB per
dure described by Eq28) may still be used to generate a wavelength.
field with least-square difference from the ideal field de-

scribed by Eq.(24). The alternative is to suppredd —1 ) .
low-order modes. This is accomplished by defining anthe target. The receiver array is beamformed to extract from

M XM matrix A’ with elementsA/,=A,m and inverting the rFe.celveg S|hgnal :?fdg L V\;h"e rzm.ovmiq.mt(:]defs 2-10.
this smaller matrix instead, igure 4 shows this beamformed signal in the frequency

domain. The horizontal axis represents the cylinder orienta-
q=(A"TA")"1A'TB. (29) tion. Itis the angle between the direetion of the incident field
and the axis of symmetry of the cylinder. It ranges from 0°,

This procedure will place no restrictions on the higher-ordeMvhich represents end incidence, to 90°, which represents
modesn>M which may instead be removed by temporal normal incidence. The vertical axis in Fig. 4 represents the
discrimination.

Using the principle of reciprocity, it is easy to show that
beamforming with the receiver array to isolate a low-order
mode while suppressing others requires the identical weight
ing on the receivers as the source strengths required for th
generation of the mode described above.

The procedure is applied to the ribbed cylindrical nickel
shell with hemispherical endcaps, shown in Fig. 2, having
radiusa=3 m. The cylinder has an axis of symmetry and a
plane of symmetry, shown by the dashed line in Fig. 2. It has
a total lengthL =14a, a shell thickness of=0.0074, and
contains 85 ribs with rib spacing=0.14a. The shorter ribs
have a length of ;=0.077 and a thickness,;=0.006%.
Every thirteenth rib is longer, having a lengthlgf=0.14a
and a thickness of,=0.0074. The free-field target re-
sponse is simulated numerically using the program
sARA-2D,* which models the structure using the finite ele-
ments method, and models the unbounded medium exteric
to the structure using the finite and infinite elements method
For additional details on the simulation of the free-field tar-
get response, the reader is referred to Refs. 15 and 16.

The cylinder is placed in the shallow water environment,
shown in Fig. 3 at a depth of 45 m. The normal modes in the
shallow water are computed using the prograRaKeN.!’
Equation(22) is then applied to determine the response of
the cylinder in this environment. 255 B g

A vertical array of ten sources, at a distance of 10 km 0 90
from t_he cylinder, is designed to generate mode 1 while sup: Angle (degrees)
pressing modes 2-10, as described above with a value o

Q:]_. in Eq. (27). A ten receiver array, place_d at the samerg. 4. Frequency domain response of the cylinder in shallow water with
location as the source array, measures the field scattered kattical array of sources and vertical array of receivers.

p=2g/cm3 =46

12.5

]

[
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dimensionless quantitiya. Figure %a) shows the same field M

in the time domain. It is compared to the monostatic time 2 Chnmdm=Dn, (32

domain response of the same cylinder in free space, shown in m=1

5(b). Time in both plots is shown using the dimensionlesswhere

guantity ct/a, wherec is the speed of sound in the fluid

region near the scatterer. The time origin in both curves is ¢ = (247i)2 ! u,(zg)e' knlm=psh - (33)
o . . . nm (ko — o )12 Yni4s J

arbitrarily chosen to occur at some time prior to the arrival of (Knl pm=ps|)

the target response. The amplitude of both signals is normajng

ized to have a maximum value of unity or O dB and plotted 1

such that all values between20 and 0 dB are shown in red. _ N1/ i(kplp—p1))
D,=(2i g €' lPT L), 34
Comparison of Fig. &) to Fig. 5b) shows that during "= (2770 (knlp—ps))** (34
the early time interval of 1Qf¥c, the shallow water re- Again, for M =N, matrix C with elementsC,,, may be

sponse, Fig. @), looks similar to the free-field response, jnyerted using the least-squares method to obtain a solution
Fig. 5(b). This portion of the field is generated by mode 1:,. ihe source strengths.

incident on the target, where it behaves as a plane wave, 1t
while the receiver isolates mode 1 from the received signal d=(C'C) “C'D, (35

which also behaves as a plane wave near the target. We Wil{lhere column vectob has elemenD,, in the nth row and
call this the mode 1-mode 1 arrival. Later the higher-ordererges in the remaining rows. FM <N, in order to sup-

modes begin to arrive. They are modes 11 and higher tha{ressM — 1 low-order modes, aM x M matrix C’, defined
arrive with a time delay from the mode 1-mode 1 arrival.ig have element€! =C,n, is inverted instead,

These higher-order modes are next removed using a time

window of 31a/c and the windowed signal is inverted to the g=(c’'c’)~*c'"D. (36)
frequency domain. The result is shown in Figa)6 Figure Numerical simulations are performed for the horizontal
6(b) shows the result of the same operation applied to theyray with the same scatterer and same environment used for
free-field response. We observe both plots are very similar ifhe vertical array simulations. The horizontal array contains

shape. 21 sources with equal spacing of 400 m between adjacent
. sources. A vertical array of ten receivers is placed at the
B. Horizontal arrays same location as the source that is farthest from the scatterer

In shallow water, a given mode may be generated by thgvhere_ the distance between this receiver array and the scat-
use of a horizontal array instead, but the requirements in thitrer is 10 km. _ o
case are different from those of a vertical array mainly be- ~ Figure 7a and (b) shows the time domain impulse re-
cause the spread in wave numbkgsn the horizontal direc- SPONse in shallow water and free_ space, respectively, _both in
tion is different from the spread of wave numbersin the ~ the frequency range corresponding to2Ka=2.9. Again,
vertical direction. While the wave numbers in the vertical the time origin is arbitrary and both plots are normalized to
direction «,, vary from low values to nearly the acoustic have a maximum value of 0 dB and plotted such that all
wave numberk= w/c, the wave numbers in the horizontal vValues between-20 and O dB are shown in red. In shallow
directionk,, remain nearly equal te. This makes beamform- Water, during.the. early period, we obser\{e that the mode
ing more difficult with horizontal arrays and necessitatesl—mode 1 arrival is very similar to the free-field response. At
large spacing between adjacent sources or adjacent receiva®er times, modes 22 and higher produce additional effects
for this case. in Fig. 7(a@). The use of a time window of width 185¢c

Consider a horizontal array ®fl sources where source followed by a Fourier transform applied to Figiay and (b)
m has coordinates,= (py,Zs, ). At large distances from produces the frequency domain response shown in F&y. 8

" N shown in Fig. 8a), is very similar to the free-field response,
. 1 shown in Fig. 8b).
— 1/2

p(r)=(2mi) mzfl qmn; Kol pm— pdl) 72 Using the principle of reciprocity, we note that the
ikolpr—pd) above simulation is identical to the case where the sources
X Un(2) Up(Zg) ' “nlPm=psl), (30 and the receivers are interchanged, i.e., the case where a
whereq,, is the source strength of mode, and p,, is the  Vertical array of ten sources produces a field that is scattered

projection ofr ,, onto thex-y plane. by the cylinder and measured by a horizontal array of 21

The procedure for the generation of a mode with a horif€ceivers.
zontal array is similar to that with a vertical array. In this
case, the ideal mode to be generated has the form Ill. CONCLUSION

i(knlp=pal) The scattering response of a target may be extracted
from measurements made in shallow water using modal de-
(31 composition with vertical or horizontal arrays of sources and
The satisfacation of Eq$30) and(31) for all z requires  receivers. If the number of sources or receivers are less than
the solution of the system of equations the number of propagating modes present in the shallow wa-

1
_ i1/
pidea(r)_Q(Zﬂ")l2 (kn|P_P1|)12 un(2)e
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FIG. 5. Time domain response of cylinder for ka<12.5 in(a) shallow water with vertical array of sources and vertical array of receivergkarfcee
space.

12.5

Angle (degrees) Angle (degrees)

(a) ib)
FIG. 6. Frequency domain response of cylindefanshallow water with vertical array of sources and vertical array of receivergtarfcee space.
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FIG. 7. Time domain response of cylinder for Zka<2.9 in (a) shallow water with horizontal array of sources and vertical array of receivergoaficte
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FIG. 8. Frequency domain response of cylindefanshallow water with horizontal array of sources and vertical array of receiver¢barficce space.
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Inversion of bottom/subbottom statistical parameters
from acoustic backscatter data®
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Inversion of statistical parameters of a bottom/subbottom scattering model is investigated by using
genetic algorithms for both synthetic and real data. The bottom/subbottom scattering model used in
the calculations is a modified version of Lyons, Anderson, and Damcoust. Soc. Am79,
1410-1422(1986] in which correlation between subbottom density, compressibility, and
sound-speed fluctuations is established through Wood's equétidaxtbook of Soun@lacmillan,

New York, 1941], and volume inhomogeneities are described by von Karman type autocorrelation
functions [T. von Karman, J. Mar. Res?, 252-264(1948]. The inversion is posed as an
optimization problem which is solvethy a controlled Monte Carlo search using genetic algorithms

to find the optimum set of statistical parameters that minimizes the quadratic deviation between
measured and calculated backscatter dataosteriori probabilities calculated at the end of the
search are used for error estimation and indication of relative importance of model parameters. This
information helps to further assess the relative importance of two major scattering mechanisms due
to bottom roughness and subbottom inhomogeneities. Such assessment is successfully demonstrated
by using synthetic and real backscatter data for sandy, silty, and muddy sediments. Finally, inverted
statistical parameters for a sandy site at Biscayne Bay, Florida confirm the results of simultaneous
tomographic measurements indicating that scattering by subbottom inhomogeneities plays a minor
role for this particular sitef.S0001-4967)00908-9

PACS numbers: 43.30.Ft, 43.30.Gv, 43.30.Ky, 43.30[WdM]

INTRODUCTION tion of the scattered field might also be used to remotely
determine the parameters critical to volume scattering. Jack-
During the past three decades, sound scattering from théon and Brigg$1992 were able show that the interface scat-
ocean bottom has been investigated by several researchetsiing model at a sandy site, and the volume scattering model
most of whom have emphasized the scattering from thet two silty sites, fit their backscattering data. In their model
water—sediment interfacé.g., Marsh, 1961; Kuo, 1963 they have left the sediment volume scattering strength as a
However, in the case of a smooth bottom with soft sedi-free parameter due to lack of statistical information on sedi-
ments, their theoretical models predict much lower backscatment volume inhomogeneities. Recently, Ly@tsal. (1994
ter levels than those obtained by measurements. Excess leivicorporated Stockhausen’s volume scattering model includ-
els of measured backscatter are usually attributed to volumidag composite roughness with the addition of scattering from
scattering from subbottom inhomogeneities. Beginning in theubbottom interfaces. They showed that high/low backscatter
early 1960’s, several theoretical models for volume scattertevels of GLORIA imagery are due to the presence/absence
ing have been developed. Stockhau$g®63 developed a of an inhomogeneous silt—clay layer overlying an acousti-
volume scattering model which includes refraction and atcally hard sand layer. Similar to Crowther(4983 treat-
tenuation in a statistically homogeneous sediment with a flatnent, they described the sediment volume inhomogeneities
sea bottom and small spherical scatterers. Crowth®83  using an anisotropic exponential correlation function and ob-
extended Kuo’s model for interface scattering by introducingtained some of the model parameters from ground truth core
a complex sound speed in the sediment. He also developedgata (one-dimensional leaving the horizontal correlation
volume scattering model for a flat, refracting interface andength as a free parameter. Turgd991) introduced a to-
compared his model results with previous experimental remographic method for measuring sound-speed inhomogene-
sults for moderat¢l.6—6.4 kHz and very high(400—-1000 ities in a vertical cross section of sediment so that a two-
kHz) frequencies. Jacksaet al. (1986 developed a compos- dimensional correlation function can be estimated. The two-
ite roughness model for bottom interface scattering and comdimensional correlation function provides information on
bined it with Stockhausen’s model for volume scattering.both vertical and horizontal correlation lengths, as well as
Mourad and Jacksof1989 introduced an improved version |ayer dipping at certain azimuthal directions. Also, several
of the composite roughness model and related the bottorauthors have attempted to estimate parameters of interface
scattering strength to a number of measurable bottom paramgcattering models from backscatter data. De Moustier and
eters. Tang1991) has shown that measured spatial correla-Alexandrou (1990 implemented a qualitative curve-fitting
method to estimate two parameters of the Helmholtz—

dExperimental part of this work was completed while the author was at th(J(irChOff’ (H-K) model from their multi-beam eChO'Sounder
University of Miami. data. Michalopoulou and Alexandr@li996 used a Bayesian
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approach with a maximum likelihood estimation method towhere S(6,s) is the shadowing correctiofs (6, 0,,S) is a
estimate the H—K model parameters from the same data setlope averaging integrad, is the rms slopeg, is the inter-
Bourgeois and Caruthefd992 implemented backpropaga- face backscattering cross section in the Rayleigh—Rice per-
tion neural networks to estimate six parameters of their biturbation approximation, anap, is the volume backscatter-
static scattering strength model with partial success. Simiing cross section in the Born perturbation approximation. A
larly, Gott and Martinez21993 reported limited success in detailed description of each cross section is given in the Ap-
estimating four parameters of both Rayleigh—RiEe-R) pendix[Egs.(A4) and (A18)].
and H-K models using neural networks.

In this paper, both interface roughness parameters of a
R—R model and subbottom volume scattering parameters (H Small-scale sediment sound-s

. . . . peed structure as a

a modified Stockhausen model are simultaneously inverte _D random field
by using parallel genetic algorithmi&As) in a global opti-
mization method. Along with successful inversions of both ~ Sound-speed structure in the sediment is rather complex
synthetic and real data posteriori probabilities are esti- SO that a determistic description of such a field is almost
mated and the relative importance of each param@teer-  impossible for a given site considering the length scales of
face or volumgis determined for a given data set. interest(a few centimeters to tens of meterStochastic de-

The paper is organized as follows: In Sec. I, after a briefscription and parameterization of the field in terms of its
definition of interface and volume scattering cross sectionsstatistical properties is more useful for an acoustic back-
3D sound-speed structure in the sediment is described by $¢attering model. We describe the sediment sound-speed
von Karman-type spectrum. Correlation among sedimenstructure by partitioning the field into a deterministic part
density, compressibility, and sound-speed fluctuations is alséo(X) and a stochastic pattc(x) as
established using Wood’'s equation so that volume back- _
scattering strength can be defined by the variance of a single C(x)=Co(x) + Ac(x), @
parametefsound speed In Sec. Il, a standard GA is briefly where x is the coordinate vector. The deterministic part
described and its extension to parallel GAs used in the invere,(x) represents site-specific large-scale features of a given
sion is outlined. In Sec. lll, sensitivity analysis and numeri-geological province. The stochastic pa¥ft(x) represents
cal examples of inversion from synthetic data for muddy,small-scale sound-speed structure which is modeled as a
silty, and sandy sediments are given. In Sec. IV, tomographigero-mean quasi-stationary random process. Second-order
measurements of sediment inhomogeneities at the Biscayrgatistics of the field described by a 3D power spectrum are
Bay site are briefly outlined. Then, volume scattering paramneeded to model the acoustic scattering from such a medium.
eters estimated by the tomographic measurements are comissuming cy(x) is constant within the sediment volume,
pared with those of GA inversion from backscatter data. Fi-derivation of a volume scattering model is given in the Ap-
nally, backscatter data from Arafura Sea and Quinault Rangpendix[see Eqs(A5)—(A16)]. Several forms of spectral rep-
sites (Jackson and Briggs, 1992re inverted. Conclusions resentations of volume inhomogeneities were proposed by
are given in Sec. V. For completeness, the composite rouglprevious researchers, with certain spectral parameters to be
ness model of Jacksoet al. (1986 and volume scattering estimated from available sediment core samples. Based on
model of Lyonset al. (1994 with modifications are briefly their limited number of core measurements, Crow(ti®&83
outlined in the Appendix. and Lyonset al. (1994 suggested a 3-D exponential corre-

lation function for the volume inhomogeneities correspond-
ing to a 3-D power spectrum in the form:

|. BOTTOM BACKSCATTERING MODEL asz
. . . Se(§)= 777772 5
Bottom backscattering strengt8,( ), is defined as the (= (1+¢9)

decibel equivalent of the sum of interface and volume scat- (a2 2 g2 2,912 .
tering cross section@rick, 1983 as where £=[(a“(&+ &) +b7¢;]17* is the magnitude of the

wave number vectog, &, and§, are the horizontal compo-
Sp(0)=10logf o¢(0) +0,(0)], (1) nents ofé¢, &, is the vertical component &, a is the hori-
zontal scale factot is the vertical scale factor, andis the
I%ound-speed variance.

At large wave numbergaé, ,a¢,>1, andbé,>1) the
ove spectrum rolls off at the constant rate!. However,

where @ is the grazing angle, and(6) ando,(6) are di-
mensionless backscattering cross sections per unit sol
angle per unit area due to interface roughness and volum
scattering, respectively. Both cross sections are calculate?’. , o . .

using perturbation approximations, and corrections for Shadé:r?agsstafligr?iteizrg?f?grer?tf sci?é;e?r:gvcefgndciggr?:t fnrj%matr?l?res
owing and large-scale bottom slope are included in the con; P

text of the composite roughness approximatidfcDaniel nrorrzj ?nr er>]<p0rri;(iatrr1tl;’:ll rcirrillcartlc;n T&Jnctlron, Svl\/JgrglleSvsng the
and Gorman, 1983s eed for an arbitrary roll-off rate. A pure power-law spec-

trum, proposed by Tappeft991), includes such an arbitrary

ol 0)=3(6,5)F(0,0,9), (2 roll-off rate with the form
and 2pB
_ P12’b™B ~(B1+2)
7, (0)=S(,5)F(8,0,.9), ) Sel&)="o— £ ©)
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where B is the structure constant, and, is the one- fluctuations can be calculated from the sound-speed fluctua-
dimensional spectral exponent. The parameBeand 3, are  tions, assuming that Wood{d941) equation,

usually obtained from vertical core sampling assuming hori-
zontal layering. In the case of layer dipping, they should be
modified to represent the statistics along the axis normal tés valid for most marine sediments, wheras the sediment
dipped layering. Althougts, generalizesS, to an arbitrary ~ porosity, «, is the compressibility of the grain, and is the
asymptotic roll-off rate, it is inadequate at low wave num-compressibility of the pore fluid. Similarly, bulk density of
bers, since extrapolating a pure power law too far in thisthe sediment is defined as

d|re_ct|on leads to unrealistically large values of sound-speed po=(1—n)p,+np;, (12
variances. A more adequate spectrum of the von Karman-

type is proposed to describe sediment sound-speed inhomd#therep, is the density of the grain angk is the density of

Koz(l_n)Kr+an, (11)

geneities including horizontal anisotropy as the pore fluid. Relative sound-speed fluctuation in the me-
'(m) dium is related to density and compressibility fluctuations, in
_ -3/2 2y-m first order, as
(7) éc 1/6x Op
—=—s|=+—=], (13
Co 2\ Ko po

wherea, anda, are the horizontal scale factora,ay), I'
is the Gamma function, anah is the volume spectral expo- wherecy=1/(xopo)*? is the spatial average of sound speed.
nent. The above spectrum is ellipsoidal since the componenithen, density and compressibility fluctuations can be ex-
of the wave number vecto€ are scaled by direction- pressed in terms of sound-speed fluctuations as

dependent outer scales |&=&=[(asé)?+(ayé,)?

+(b&,)21"?). Similarly, the associated correlation function % _ 9 7’9—_1> ﬁ (14)
B,(r) is also ellipsoidal since it depends on the distance  Po Yot ¥e=2] Co
r(X)=[(x/a)*+(y/a,)*+(z/b)*]** as and
© Sk y.—1 |\ &c
B,(r)= 5= rPKy(r), 8 DAY A S
()= s TP ® g2 e 1s)
whereK,(r) is Bessel's function of the second kind of order where ¥,=prlpo and y, =k, /ky. For a measured mean
p=m-—3/2 (Tatarskii, 1961 value of sound speeth= 1650 m/s at the Biscayne Bay site,
The 2-D wave number spectrugfé, ,£,) is obtained by  calculated porosity, mean density, mean compressibility, and
integrating the 3-D spectrum over the wave numger ratios of their variation to sound-speed variation are given in
T'(m-1/2) Table I. For backscattering calculations, considering the op-
S,(éx.&)=pabmr ™t T(m=312) posite directions of incoming and scattered wapMessQ,i)
= —1], the kernel of the integral in EA8) can be related
X (1+a2£2+b2g2)~ M2, (9)  to the sound-speed fluctuations as
Estimation of the above spectral parametgrsa,, b, and ok 6p _y®) éc 16
m was attempted first by Turgt991) using high-resolution Ko po P ¢ (16

tomographic measurements of sound-speed inhomogeneities B)

Further integration of Eq9) over the wave numbej, yields where the_ parameteVKP Is gi"e*? as 26/"._ 7’“)/(7’1%%‘
a 1-D spectrum: —2). In Fig. 1, the ratio of relative density fluctuations to

sound-speed fluctuation$g/ pg)/(6c/cy), the ratio of rela-
tive compressibility fluctuations to the sound-speed fluctua-
tions (S«/ ko)/(5¢/co), and the parametar®) are plotted as

a function of mean sound speegl. Notice that the square of
paramete/ B) becomes significantly large for softer sedi-

Kp
ments €,<1650 m/s). Since the volume scattering cross

B. Correlation of sediment compressibility, density, s%:)tmn,Y, is linearly dependeqt on the square of.p.arameter
and sound-speed fluctuations V., [see Eq(A15)], softer sediments should exhibit larger

) ) ) . ) volume scattering strengths among the different types of
In this section, relations among sediment density, COMzegiments having the same sound-speed variance.
pressibility, and sound-speed fluctuations are derived, and

their effects on the backscattering strength are analyzed. I|r|1 GENETIC ALGORITHMS
the Appendix, scattering amplitud€o,i) in Eq. (A8) is de- '

fined in terms of relative compressibility and density fluctua-  Genetic algorithmgGAs) are search algorithms based
tions (6x/ kg and 8p/py) around their mean values, and  on natural selection and natural genetiGoldberg, 19889

po, respectively. Correlation of compressibility and densitySince a detailed description of GAs and their application to
fluctuations to sound-speed fluctuations enables us to reprgeophysical(Stoffa and Sen, 1991and geoacousti¢Ger-
sent the field by the fluctuations of a single paramé&teund  stoft, 1993 parameter estimation are given elsewhere, a brief
speed in the sediment. Sediment compressibility and densityoutline is presented in this section. In a standard GA, ran-

I'(m—1)
Su(€)=ubm M g (L4020 (10

in which the spectral parametegsb, andm can be obtained
from sediment core analysis.
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TABLE I. Physical properties used for Biscayne Bay sediments.

Physical properties Symbolsinits) Assumed values
Compressibility of grain x, (N/m?)~1 2.5x10 1
Compressibility of the pore fluid ki (N/m?)~1 4.35x10° 10
Density of the grain Py (kgind) 2700
Density of the pore fluid ps (kg/nt) 1024

Calculated properties for Biscayne Bay sedimets=(1650 m/s)

Physical properties Symbolsinits) Calculated values
Porosity n 0.38
Mean compressibility of sediment Ko (N/m?)~1 2.5x10° 1!
Mean density of sediment po (kg/nP) 2024
Variability ratio of density to sound speed Sl po)! (8clcy) 1.3
Variability ratio of compressibility to sound speed 8Kl kg)/(6clcy) -3.3

domly selected values within a specified range are assignedodel parameters within the paired model vectors. Mutation
to each model parameter. Then, model parameters are binaig/necessary to ensure diversity within the population and to
coded and formed into a string of haploid chromosomes. Aprevent the search by reproduction and crossover from being
specified number of chromosomes is generated to obtain teapped around a local minimum. A randomly selected bit in
finite population on which three operations, namely: reprothe parameter code is altered according to a specified muta-
duction, crossover, and mutation are applied at each generien probability p,,. An update probabilityp,, is also used
tion step. Reproduction is a process that selects the models control the influence of fit models from previous genera-
according to their objective functions from a randomly cho-tions in the current generation. After the crossover, fitness
sen population of model®. This means that models produc- functions of new models are calculated. For each new model,
ing optimal values of objective functiogf(m) will have a  a model from the previous generation which was not selected
higher probability of contributing one or more offspring in for the mating pool is assigned at random. Objective func-
the next generation. After reproduction, a mating pool is estions of both the new model and the randomly selected old
tablished and crossover is performed between randomlynodel are compared. If the objective function of the new
paired models in the mating pool. Crossover is simply partiainodel is better, the new model is always kept. If the objec-
exchange of bits between the paired models. This structuretive function of the randomly selected old model is better,
yet randomized information exchange creates new modelthe new model is replaced by the old model with the speci-
with a minimum disruption to selection strategy dictated byfied update probabilityp,. We should point out that in our
reproduction alone. It is subject to a specified crossoveapplication, the exact shape of the objective function is not
probability, p, . High p, means most of the pairs will mate known. It might be multimodal due to the physics of the
and produce offspring. In case of Iqwy, most of the parents forward problem or overparameterization of the inverse
will be carried on to the next generation without mating. Inproblem. Goldberg and Richards¢t987 have shown that
our application, a multi-point crossover was used by simulstandard GAs with the above three operat@s, p,,, and
taneously exchanging information between corresponding,) converge to a single minimum among the several minima
with nearly equal height&calledgenetic driftby the geneti-
cisty. Several techniques such sisaring (Goldberg and Ri-
4 chardson, 1987and crowding (De Jong, 197h and their
improved versiongMahfoud, 1992; Miller and Shaw, 1995
2 have reported satisfactory results dealing with multimodal
(80/s)/G6c/c) objective functions. As in Sen and Stoff2992, we used

ol parallel GAs to circumvent the problem génetic drift

A minimization problem is formulated by calculating an
objective, or cost function as the quadratic deviation between
measured and calculated backscattering strengths,

Fluctuation Ratios

_ ||Sobs_ Seall mi)||2

=g T an

‘ " where Sy, and S, (m') are vectors of observed and calcu-

-8 L
1500 1750 2000 2250 2500 lated backscattering strengttfboth interface and volume

c, (m/s) scattering componentsas a function of grazing angle, and
subscripti refers to theith model vector within a randomly

. -y . . 2
FIG. 1. Density and compressibility variations with respect to sound-speed€lected initial 2p0pU|at|gn- Herg):| is the I* norm of a
variation, and parametaf®) as a function of mean sound-speeg vector [|[x]|=(x5+---+x3)*2].
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An exponential probability of selection is defined relat- TABLE II. True model parameters and their bounds used in the GA inver-
ing the likelihood of selection to their cost functions as ~ S°°™:

e $(mHIT Sediment type Bounds

i = —-—---:- T
P = S (19

Model parameters SymbolsMuddy Silty Sandy Lower Upper

]=
where P¢(m') is the probability of selection for théth S;F:foa:snfpewal y 32 35 38 29 3.9

model,N is the population size, arilis a control parameter.  gyace spectral g 0.0005 0.003 0005 000001 0.01
The control parametef provides a controlled rate of con- strength

vergence to a global minimum. It can be analogous to aloss s 0.005 0.01 0.015 0.002 0.02
cooling temperature used in the simulated annealing methodarameter

described by Sen and Stoffd992. Alternatively, Sam- Vertical b 01 015 02 001 0.5

scale factor

bridge and Drijkoningert1992 used the standard deviation agpect « 100 75 60 1.0 15.0
of the distribution, and Gerstoftl993 used the minimum ratio
value of the distribution, both with satisfactory rates of con- Sound-speed % 0.005 0.001 0.0005 0.0001  0.01

vergence. In the current work, an effective cooling schedulevariance

was adapted from Sen and StoffE992 in which the tem- i‘ii‘(‘)”d's'oee" v 09 101 11 098 1.3
perature was changed in a step-function fashion as foIIows:Density q 155 17 185 14 -
— k ; ratio
Ti=(0.897 for generations:5, (19 Volume spectral m 1.6 20 25 15 3.0
T,=0.010.89% for generations 5, exponent

where k is the generation number. At the end of several
parallel runs, thea posteriori probability density (PPD),
a(m), the mean model paramete(s)), and thea posteriori
model covariance matribxC,,, are calculated aélarantola,

roughness spectrum in EGA1) determine surface scattering.
On the other hand, volume scattering depends on the vertical
scale factorb, the aspect ratiax (ratio of horizontal scale

1987 factor to vertical scale factor assumiag=a,), the volume
e~ ¢(m/T spectral exponemnh, and the sediment sound-speed variance
o(M)= 5 o=t (200 4. The loss parametes, sound-speed ratie, and density
ratio g (geoacoustic parametgre expected to contribute to
both surface and volume scattering. A sensitivity analysis is
<m>=2 mo(m), (22) described below for the cases of muddy, silty, and sandy
sediments to demonstrate the effect of each parameter on the
Cy= 2 mm'o(m) —(m)(m)T, (22) backscattering strength. Backscattering strengths were calcu-

lated for the lower and upper bounds of each parameter,
whereT is the temperature anah is the model derived at While keeping the other parameters consteete Table ).
that temperature, and the sum is taken over all the derivebiumerical values of surface parameters were selected based
models during the parallel search. During each individuaPn the measurements of Jackson and Brigh892, and
run, the above quantities were accumulated to estimate tH&ose of volumetric parameters were selected based on our
PPD, mean, and covariance of the model parameters. Notid@mographic measurements and the core analyses of Briggs
that the PPD is defined as the Gibbs probability distribution(1994. Bounds of each parameter are needed to be known as
with a temperaturd so that higher probabilities are assigneda priori information so that a more effective search can be
to the models picked during the later generations. The PPDRerformed within physically plausible limits. Figuréa2—(c)
are good indicators of importance and uniqueness of eacfhows dependence of backscattering strengths on each indi-
parameter. The square roots of the diagonal terms ofthe Vidual parameter for muddy, silty, and sandy sediments for
posteriori model covariance matrix are the standard deviathe lower (solid line) and upper(dotted ling bounds. As
tions of the model parameters from the mean, which is &xpected, Fig. @) shows relatively stronger dependency of
measure of the accuracy of the inversion. The off-diagonaPackscattering  strength  on  volume and  geo-
terms are the correlation coefficients which show the interacoustic parameter, «, m, b, 6, », andq) than that on

action between different model parameters. surface parameter§y and 8) in muddy sediments. Figure
2(c) depicts a reversed dependency of backscattering

IIl. INVERSION OF SURFACE AND VOLUME strength for sandy sediments. In this case, effects of surface

SCATTERING PARAMETERS parameter$y and8) are much more significant than those of

the volume parameter&y, b, and m). Figure Zb) shows
some degree of dependence of backscattering strength on all
Modeling of both surface and volume backscattering rethe parameters for silty sediments. Considering a typical ex-
quires as many as nine parameters, which can be grouped psrimental error in backscattering measurements to be as
surface, volume, and geoacoustic parameters. With the aguch as 3 dBJackson and Briggs, 19824nversion of cer-
sumption of uncorrelated surface and volume parameters, thhain parameters having minor effects on the backscattering
spectral exponeny and spectral strengtf® in the surface strength will be almost impossible from the real data. In our

A. Sensitivity analysis
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parallel GA inversion of both noise-free synthetic data andare not included in our backscattering model. The minimum
real data,a posteriori probabilities of these parameters are region of the objective function has a complicated shape for
also calculated to investigate the physical importance of eackilty sediments. For sandy sediments, the objective functions
individual parameter for the case of muddy, silty, or sandycalculated by changing volume parameters show a rather
sediments. Results of these calculations are given in Setarge volume of the minimum region, indicating the insensi-
Il B. tivity to the volume parameters, b, andm. On the other
Next, we investigate the objective function in E4.7) hand, strong dependency of the objective function on the
by changing three selected parameters within their specifiesurface parameters and v) is clearly shown for the sandy
bounds. All the other parameters are kept constant since sediment. Similar behavior of the objective function is ob-
visual display of the objective function is not possible for served for the sensitivity of the muddy sediment on the sur-
higher dimensions. Figure(@ shows objective functions as face parameters in which isosurface planes being parallel to
a function of three volume parametefls, u, andm) for  they-B plane indicate insensitivity to the surface parameters
muddy, silty, and sandy sediments. Figutb)3hows objec- y andp.
tive functions as a function of one geoacoustit and two Finally, we explore the frequency dependency of our
surface(y and B) parameters for the same types of sedi-backscattering model. An exponential correlation function of
ments. The objective function is minimum when the param-sound-speed and density fluctuations obtained from core data
eters take their true values, which are given in Table Il. Eacliaken from several geological provincéSrowther, 1983;
three-parameter objective function depicts a large and com:-yons, 1994 and tomographic measurements at the Bis-
plicated shape of a minimum region arbitrarily defined ascayne Bay site favors the use of spectr8g(¢) in Eq. (5) (a
$(m)<10 8. The minimum region shows mostly unimodal special case of von Karman spectrum with the spectral ex-
behavior for most of the parameters, except for the volum@onent m=2). However, Briggs’ (1994 sediment core
spectral exponentn. Multimodal behavior and some local analyses from 14 different sites showed some variability in
minima might also exist for the other parameters as we inthe correlation functions, indicating the need for a more gen-
crease the dimension of the objective function. In most casesral model. Unfortunately, both of these ‘“ground-truth”
of inverting noise-free synthetic data, a value ok30 8 measurementgcore sampling and tomographyre band
was achieved for the objective function at the end of 80imited (limited by the sampling interval and area of cover-
generations. This value was abouk3.0 © for the real data age. A much wider spectrum of length scales might be
due to other physical effects and measurement errors whicheeded to describe the angle-dependent backscattering
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FIG. 2. Backscattering strength levels for bounds of each model paramete) fouddy, (b) silty, and(c) sandy sedimentsolid line is the lower bound and
dotted line is the upper bound
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