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ACOUSTICAL NEWS—USA

Elaine Moran
Acoustical Society of America, Suite INO1, 2 Huntington Quadrangle, Melville, NY 11747-4502

Editor's Note: Readers of this Journal are encouraged to submit news items on awards, appointments, and other activities about
themselves or their colleagues. Deadline dates for news items and notices are 2 months prior to publication.

Preliminary Notice: 75th Anniversary  (147th) Architectural Acoustics (AA)

. . . Acoustics of virtual environments
Meetmg of the Acoustical SOCIety of What makes a virtual environment convincing—includes teleconferencing

America and video games and spatially distributed performance environments
lternative acoustic environments for performing arts presentations
resent alternative acoustic environments for performing artists

ell Labs and acoustic&loint with Engineering Acousti¢s

Twenty-three papers were presented and 183 people attended the firA
meeting of the Acoustical Society on 10—11 May 1929 in New York City. B
The 147th meeting—75 years later—will be held at the Sheraton New Yorlﬁ?eview of Bell Labs and acoustics with regard to the Society

Hotel and Towers on 7th Avenue, Monday through Friday, 24_.2.8 MayEffect of room acoustic environment on human productivity/performance
2004. A block of rooms has been reserved at the Sheraton. In addition to a&oint with Noise

outstanding technical program, there will be a celebration with the theme . . . .
" : . ” How do room acoustic conditions affect human productivity/performance in
Glorious Past—Looking Forward. various environments?

The celebration will begin on Tuesday night with a 75th “celebratory Methods to quantify opera house acoustics

banquet” which will feature a video with recollections by past presidents . . .
- N S S Test methods for opera house acoustics; the important acoustical factors and
covering highlights from the Society’s 75 years. This will be followed by a :
measurements of opera house acoustics

number of events on Wednesday. In the morning there will be a ucelebrator}f\/lultisensor integration and the concert experience: How visual input af-
look” to the future of the Society at City Center followed by a reception for y 9 P ’ P
; - fects what we hear

Fellows of the Society. A number of special tours have been scheduled for . S . . . . )

) ; . How visual stimuli are involved in how we perceive the acoustical experi-
the afternoon, and in the evening there will be an organ concert at St, .
Thomas Church ence in concert halls

X Theatres for drama performance—Another two decdi@84—2004

. _The technical program will !nclude over 40 special sessions, two O|IS—Poster session—similar to the concert halls poster session in 2002 with the
tinguished lectures, and a tutorial by Leo Beranek, all of which are de-

scribed in this Meeting Announcement. For further up-to-date informationpotentlal o create a publication
about the technical program, please refer to the “Meetings Section” on the
ASA Home page athttp://asa.aip.org/meetings.htmhlso, you may regis-  Biomedical Ultrasound/Bioresponse to Vibration (BB)
ter for the meeting online ghttp:/asa.aip.oig Elasticity imaging
We hope you will be able to join us in this wonderful technical pro- Techniques to image structures in the body based on variations in elastic
gram and celebration in the exciting city where the Society began 75 yearBroperties such as shear modulus

ago. High frequency imagingJoint with Signal Processing in Acoustics
llene J. Busch-Vishniac, President Use of high frequency ultrasound to image biological structures
Charles E. Schmid, Executive Director High intensity focused ultrasour{doint with Physical Acoustigs
Use of high intensity focused ultrasouftdiFU) for therapeutic applications
in the body

Technical Program

) ) . . Education in Acoustics (ED)
The technical program will consist of lecture and poster Sessionsapnaratus for teaching acoustics: 1929 and before

Technical sessions will be scheduled Monday through Friday, 24—28 May je demonstrations of photographic illustrations of apparatus used to teach
2004, but there will be no technical sessions on Wednesday, 26 May, due %9, stics in 1929 and before
the all-day celebration event. The special sessions described below will bg 5reers in acoustics

organized by the ASA Technical Committees. Introduce acoustics careers to high school guidance counselors—local edu-
cators invited
Hands-on demonstrations for high school students

Special Sessions 20 hands-on demonstrations for 75 high school students

Student poster session

Acoustical Oceanography(AO) - . .
D. Van Holliday special session on acoustical measurements of marine oeren to students including those from local high schools

ganisms(Joint with Animal Bioacoustigs ) ) )
In honor of Van Holliday’s contributions to the use of acoustics in the studyEnglne_e”ng Acoustics(EA) ) )
of marine life at multiple trophic levels and for his leadership in fisheries Acoustic payloads of underwater vehicle acoustics

acoustics (Joint with Underwater Acoustits

Ocean acoustics of earthquakes Development of acoustic payloads for unmanned undersea vehicles
Focus on the characteristics, physical mechanisms, and applications of

ocean acoustic observations of earthquakes Musical Acoustics (MU)

Digital signal processing methods for restoring, enhancing, and manipula-
tion of music recording$Joint with Signal Processing in Acoustics

Animal Bioacoustics (AB) Topics include noise reduction of recordings, improving fidelity and ambi-
Infrasonic communication by animals: Signal propagation, generation, reence and manipulation of music recordings

ception, and function Musical instruments developed during the ASA era

Investigate the propagation of infrasonic signals, covering the generatiodcoustics of musical instruments developed after the formation of ASA in
and reception of infrasonic signals by various animal taxa 1929

Natural acoustic behavior of animals: Session in memory of Donald R.Neurophysiology of playing a musical instrument

Griffin (Joint with Psychological and Physiological Acoustics

Natural use of sound by animals, including sensing the environment, orienFocus on speed, accuracy, and strength of the reflex—motor system to con-
tation, and communication trol musical instruments, including the voice

J. Acoust. Soc. Am. 115 (2), February 2004 0001-4966/2004/115(2)/431/8/$20.00 © 2004 Acoustical Society of America 431
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New research on pre-1929 instruments Invited and contributed papers on bilingual acquisition to explore research
Research on instruments that fell out of use before the ASA era on features in perception and production skills of those who acquire a sec-
ond language in childhood

Noise (NS) ASA Committee on Standards (ASACOS)

On the occasion of his 90th birthday, special session to honor the Role of standards in ASA
contributions of Leo L. Beranek to acoustics and teaching Introductory presentations followed by presentations from Technical Com-
(Cosponsored by all Technical Committees and ASA Committees on Edumittees on role of standards to those Technical Committees
cation in Acoustics and Standajds
Historical reviews of contributions by Leo Beranek to several technicalStructural Acoustics and Vibration — (SA)
areas, and to standards and teaching

A - Experimental modal analysis
Noise and society p y

A . ) . . ) Survey of concepts and algorithms for extrapolations of vibration properties
(Joint with Psychological and Physiological Acoustics rom measurements in the time and frequency domain

Review the adverse impacts of noise on hearing, mental and physical healt{y, - .-« noiséJoint with Noise

children’s development, and quality of life and explore the educational anquediction, evaluations, and mitigation of transit noise in the urban setting,

adyocacy programs that are addressing these ISsues including light rail, commuter rail, subway, streetcar, and bus transit
Noise control enforcement in New York City

(Joint with ASA Committee on Standands Underwater Acoustics (UW)
A look at approaches to noise enforcement and their effectiveness . . . . .
Noise impact evaluation—Old and new Automomous underwater vehicle acoustideint with Engineering

(Joint with Psychological and Physiological Acoustics Acousticg

Analyzing noise effects; soundscape and/versus community noise measuracoustic sensin_g navigation and communication concepts for autonomous
underwater vehicles

ments
Noise in large cities _ _ _ Other Technical Events
Trends in noise levels in urban areas, noise sources, singular noise problems
in specific cities, mitigation measures Distinguished Lectures
The Technical Committees on Signal Processing in Acoustics, Archi-
Physical Acoustics  (PA) tectural Acoustics, Psychological and Physiological Acoustics, and Animal
Bioacoustics will sponsor a Distinguished Lecture titled “Communication
Recent advances in buried landmine detection Acoustics” presented by Jens Blauert of Ruhr University.
Recent technological and scientific advances in buried landmine detection The Technical Committees on Noise and Architectural Acoustics will
Robert E. Apfel memorial session sponsor a Distinguished Lecture titled “Noise: My 62 Years of It” presented
(Joint with Biomedical Ultrasound/Bioresponse to Vibrajion by Laymon N. Miller.
A celebration of the life and contributions of Robert Apfel to the field of
physics Student Design Competition in Architectural Acoustics
The Acoustical Society of America’s Technical Committee on Archi-
Psychological and Physiological Acoustics (PP) tectural Acoustics and the National Council of Acoustical Consultants will
sponsor a student design competition to be judged and displayed at the
Compression in hearing meeting in New York. The Student Design Competition is intended to en-
Focus on compression observed in mammalian cochlea; perceptual effecigurage students in the disciplines of Architecture, Engineering, Physics,
and impact of hearing loss and other curriculums that involve building design and/or acoustics to ex-
Perceptual organization of sound press their knowledge of architectural acoustics and noise control in a sche-
Overview of psychophysical and physiological aspects of perceptual orgamatic design of a facility in which acoustical considerations are of primary
nization of sound sources importance. The submitted designs will be judged by a panel of professional
The perception of complex sounds: Honoring the contributions of Charles Sarchitects and acoustical consultants. An award of $1,000 will be made to
Watson(Joint with Speech Communicatipn the entry chosen as “First Honors.” Four awards of $500 each will be made
Invited and contributed papers to review current research regarding the pefo entries judged “Commendation.”
ception of complex sounds Entries may be submitted by individual students or by teams of a
maximum of three students. Entries must be received no later than 10 May
2004.

Signal Processing in Acoustics SP . . . .
g g (SP) Students intending to enter must make their intentions known by send-

Advances in sonar and imaging techniques including interferometricjng an email on or before 1 April 2004.
synthetic, and tomographic aperturdsint with Underwater Acousti¢s Additional information may be found at the ASA websitbttp://
Presentations on advances in sonar and acoustic imaging techniques aash.aip.org
discussion of pacing technology issues

Inverse problems in seismic signal processing Meeting Program

(Joint with Acoustical Oceanography An advance meeting program summary will be published in the March
Survey of current academic and industrial methods and applications foissue of JASA and a complete meeting program will be mailed as Part 2 of
solving the seismic inversion problem the May issue. Abstracts will be available on the ASA Home Régip://
Underwater acoustic communicatio@int with Underwater Acoustigs asa.aip.orgin mid-March.

New techniques for improving performance and reducing environmental . .

degradation through adaptive modulation, demodulation channel estimatioff,2P€r Copying Service

networks, simulation tools, and performance analysis Note that the paper copying service may be replaced by a new online

site. Details will be provided in the acceptance notices sent to authors and in

Speech Communication  (SC) updat_ed meeting information posted on the ASA Home Péugép:/

asa.aip.org

Forty Years of Voice Onset Time/OT) )

Invited and contributed papers on the use of Voice Onset Time to Comj'utonal Lecture

memorate the first publication on VOT by Leigh Lisker and Arthur Abram- A tutorial presentation on Listening to the Acoustics in Concert Halls

son will be presented by Leo L. Beranek and David Griesinger on Monday, 24

Speech perception and production in monolingual and bilingual acquisitiorMay at 7:00 p.m.

432  J. Acoust. Soc. Am., Vol. 115, No. 2, February 2004 Acoustical News USA
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Abstract Austin TX 78712-0292; Tel.: 512-471-3145; Fax: 512-471-1045; E-mail:
dtb@mail.utexas.edu. The information needed in order to arrange each pair-
ing is the student’'s name, university, department, stajteduate student or
undergraduade research field, interests in acoustics, and days that are free
for lunch. The sign-up deadline is one week before the start of the meeting,
but an earlier sign-up is strongly encouraged. The cost of the meal is the
esponsibility of each participant.

Listening to the acoustics in concert halls. Leo L. Beraf@k Me-
morial Drive, Suite 804, Cambridge, MA 02138-57%fmd David Griesinger
(Lexicon, 3 Oak Park Drive, Bedford, MA 01730-1441

How does acoustics affect the symphonic music performed in a con
cert hall? The lecture begins with an illustrated discussion of the architec
tural features that influence the acoustics. Boston Symphony Hall, whicH
was built in 1900 when only one facet of architectural design was known,
now rates as one of the world’s great halls. How this occurred will be
presented. Music is composed with some acoustical environment in mind5th Anniversary Celebration
and this varies with time from the Baroque to the Romantic to the Modern
musical period. Conductors vary their interpretation according to the hall
they are in. Well-traveled listeners and music critics have favorite halls. Thezsth Anniversary Celebratory Banquet
lecture then presents a list of 58 halls rank ordered according to their acous- .
tical quality based on interviews of music critics and conductors. Modern Th? Celebratory B_anquet will be‘ he!d ?n Tgesday, 2,,5 May,_at 6:30
acoustical measurements made in these halls are compared with their rarfk™- A f"!“ed presentation of the Society’s _Glorlous Pa_st feat_urlng the
ings. Music recordings will be presented that demonstrate how halls thapast presidents will be presented. Some special awards will be given, and all

have different measured acoustical parameters sound. Photographs ofpéesgnt who have_ bee!‘ members for 30 years or more will be honored._A
[[]nusmal presentation will be part of the entertainment. The banquet cost will

be $65 per person for preregistration by 12 April and $75 thereafter includ-
ing on-site registration at the meetificash bar. It is urged that tickets be

Lecture notes will be available at the meeting in limited supply. Thosereserved using the preregistration form in the call for papers or on the ASA
who register by 26 April are guaranteed receipt of a set of notes. The regqome Page athttp://asa.aip.oig

istration fee for this lecture is $5.00 for both preregistration and registration
on-site. The lecture has been underwritten by an ASA Fellow. Please use the

registration form in the call for papers or on the ASA Home Page at http://26 Mav—75th Anniversary Celebration Da
asa.aip.org to register for the tutorial session. Y y Y

acoustical factors have been incorporated into architectural design.

There will be no technical sessions on Wednesday, 26 May

The celebration will begin at 8:30 a.m. at City Centébth Street
between Ave. of the Americas and 7th Avelhere is no admission charge,
but each person, including spouses and guests, must wear a meeting
Student Transportation Subsidies registration badge The festivities will start with the Plenary Session, at

A student transportation subsidies fund has been established to providéhich major Society awards will be presented, special announcements

limited funds to students to partially defray transportation expenses to meefl@de, the outgoing president honored, and the incoming president intro-

ings. Students presenting papers who propose to travel in groups using ecggced. After a brief “standing” intermission, an extraordinary “Celebratory
Look Into The Future” will be presented.

nomical ground transportation will be given first priority to receive subsi- . .
dies, although these conditions are not mandatory. No reimbursement is At about 11:30 a.m., a one-hour demonstration of an advanced virtual
intended for the cost of food or housing. The amount granted each studeifchestra will be featured. Twenty-four loudspeakers with tonal quality to
depends on the number of requests received. To apply for a subsidy, subniffatch thg acoustical instrument being emulated_ will be located in the'or-
a proposal(E-mail preferredl to be received by 12 April to: Jolene Ehl, chestra pit of the theater. Acqmputer operator will have complete real-time
ASA, Suite 1NO1, 2 Huntington Quadrangle, Melville, NY 11747-4502, cpntrol over orchestral dynamlcs and tempo. The computer operator and two
Tel: 516-576-2359; Fax: 516-576-2377; E-mail: jehl@aip.org. The proposafingers will follow a professional conductor.
should include your status as a student; whether you have submitted an_mmediately following the celebratory session, the College of Fellows
abstract; whether you are a member of ASA; method of travel; if traveling'ill hold a reception for all past and new ASA Fellows in the Mezzanine
by auto; whether you will travel alone or with other students; names of thosé-0PPy of City Center(second floor. Photos will be taken for the ASA
traveling with you; and approximate cost of transportation. archives. Champagne and cheése lunch will be servec_i. Tr_le cost is $25
per attendeéplus one free guest per FellpwThe reception is expected to

] last until 1:30 p.m. Space is limited to 300 guests and Fellow counts are

Young Investigator Travel Grant needed so please make your reservation using the preregistration form on

The Committee on Women in Acoustics is sponsoring a Young Investhe ASA Home Pagéhttp://asa.aip.orgor in the printed Call for Papers
tigator Travel Grant to help with travel costs associated with presenting a ~ Premier Tour: ASA has chartered a Circle-Line cruise boat for a tour
paper at the New York meeting. This award is designed for young profesaround Manhattan Island, with a tour guide, that lasts 3 hours and includes
sionals who have completed the doctorate in the past 5 y@ars not skyline views of: Battery Park, Ellis Island, Statue of Liberty, Wall Street,
currently enrolled as a studénivho plan to present a paper at the New York Brooklyn Bridge, Empire State Building, Chrysler Building, United Nations
meeting. Each award will be of the order of $300. It is anticipated that theBuildings, Gracie Mansion, Yankee Stadium, New Jersey Palisades, George
Committee will grant a maximum of three awards. Applicants should submitVashington Bridge, Grant's Tomb, and more. Tickets are $40 for adults and
a request for support, a copy of the abstract they have submitted for th&25 for children, including bus transportation between hotel and pier; lead
meeting, and a current resume/vita which provides information on theifous loads at 1:45 p.m. Box lunches are available for $17.
involvement in the field of acoustics and the ASA to: Melissa Epstein, Bio- Atour bus to the Steinway Piano Factory will depart from City Center
medical Sciences, Room 5A12, University of Maryland Dental School, 666at 1:30 p.m. The Steinway Factory was recently feature@ihie New York
West Baltimore Street, Baltimore, MD 21201; Fax: 410-706-0193; E-mail: Timesand is a very special and historical site. Box lunches will be available

mae001@dental.umaryland.edu. Deadline for receipt of applications is 18N the bus for $17. The bus will return to the hotel at about 4:30 p.m. The
April. event is sponsored by the Acoustical Society Foundation and the cost is $60.

This tour is limited to 44 participants.

A tour to the Rose Planetarium at the Museum of Natural History will
depart from the hotel at 3:30 p.m. This tour features attendance at a regu-

The Education Committee has established a program for students tarly scheduled show in the Museum followed by a one-hour “behind the
meet one on one with members of the Acoustical Society over lunch. Thecenes” private tour conducted by the chief audio engineer. He will demon-
purpose is to make it easier for students to meet and interact with membesgrate the most complex multichannel spatialized audio system ever built
at meetings. Each lunch pairing is arranged separately. Students who wish &md equally complex video computer system. The bus will return to the hotel
participate may sign up by contacting David Blackstock, University of about 6:00 p.m. The event is sponsored by the Acoustical Society Founda-
Texas at Austin, Mechanical Engineering Dept., 1 University Station C2200tion and the cost is $60. This tour is limited to 44 participants.

Special Meeting Features

Students Meet Members for Lunch
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A walking tour to two of New York’s finest organs with performances vation cut-off date for the special discounted ASA rates is 1 May 2004; after
will be held on Wednesday afternoon. The tour will leave from the Sheratorthis date, the conference rate will no longer be available. You must mention
at 2:00 p.m. and return at about 5:30 p.m. The cost of the tour is $60 pethe Acoustical Society of America when making your reservations to obtain
person. the special ASA meeting rates.

A pipe organ concert will occur at the St. Thomas Episcopal Church, The Sheraton New York Hotel and Towers is located in midtown Man-
53rd Street and 5th Avenya short 5—10 minute walk from hojeR6 May, hattan a few blocks north of Times Square and the theater district. It is
at 7:00 p.m. The concert is expected to last about one and one-half hourkcated on the east side of 7th Avenue between 52nd and 53rd Streets. The
There is no admission charge. hotel features over 1,700 guest rooms, a complete health club with 24-hour

New York City tours leave from a stop across the street from theaccess, 50-foot indoor pool, and seasonal sun deck. Guest services include
Sheraton every 20 minutes. The most interesting tours offer passes good far-room refreshments, in-room movies, cable TV, and coffee makers.

24 hours, that allow one to get on and off the bus and stop to see specific ~ Sheraton New York Hotel and Towers
sights or to eat. If one stays on the bus, the tours take 2 to 3 hours to 811 7th Avenue at 52nd Street

complete. For details, refer to www.just-tours.net; or www.shop.viator.com, New York, NY 10019
or www.allnewyorktours.comCost by E-mail or at departure terminal $39 Tel: 212-581-1000
to $49 for upper or lower Manhattan touyrs. Fax: 212-262-4410

New York’s famous Fifth Avenue shopping street is two blocks east
from the hotel and features such stores as Bergdorf Goodman, Saks Fifth  Rates
Avenue, Tiffany’s, Lord and Taylor, and a multitude of fine shops from all Single: $199 plus tax
countries. Double: $219 plus tax
A limited number of rooms are available at the government rate.
BRING RAINCOAT AND UMBRELLA! Hoping for sunshine all week.

Room Sharing
Social Event ASA will compile a list of people who wish to share a hotel room and its
cost. To be listed, send your name, telephone number, E-mail address, gen-
Oder, smoker or nonsmoker preference, by 23 April to the Acoustical Society
St America, preferably by E-mail: asa@aip.org or by postal mail to Attn.:
Room Sharing, Suite INO1, 2 Huntington Quadrangle, Melville, NY 11747-
4502. The responsibility for completing any arrangements for room sharing

On Thursday evening a social hour will be held to which all registrants
are invited as guests of the Society. The event will take place at the Sherat
New York Hotel and Towers. Dress casually. Cash bar.

Transportation and Hotel Accommodations rests solely with the participating individuals.
Air Transportation Weather
New York City is served by three airports: John F. Kennedy Interna- New York generally enjoys nice spring weather in May, with average

tional (JFK), LaGuardia Airport(LGA), and Newark Liberty International high temperatures of 75 °F and average lows of 55 °F with the possibility of
Airport (EWR). Information for all three airports can be found on the Port spring showers.
Authority website (http://www.panynj.gov/aviation.htthPlease note that a
three-day holiday weeken@9—-31 May follows the week of the meeting,  General Information
and air and automobile traffic leaving New York on Friday, 28 May, is
expected to be higher than usual. Assistive Listening Devices
Anyone planning to attend the meeting who will require the use of an
assistive listening device, is requested to advise the Society in advance of
Major car rental companies. Rental car counters are located adjacent the meeting: Acoustical Society of America, Suite INO1, 2 Huntington
to the airports’ baggage claim areas. Note that car rental is not available @uadrangle, Melville, NY 11747-4502, asa@aip.org.
the terminals in Newark Airport. Use the AirTrain to parking lot P2 or P3.
Parking at the Sheraton is $37 per day.
SuperShuttle—$17 from Newark and JFK; $15 from LGA, 1-800-
258-3826. Spouses and other visitors are welcome at the New York meeting. The
New York Service Express Bus—Follow the signs for ground trans-  registration fee for accompanying persons is $75. A hospitality room for
portation for the New York Service Express Bus out of JFK and LaGuardiadccompanying persons will be open at the Sheraton Hotel from 8:00 a.m. to
Airports. The bus operates from 6:15 a.m. to 11:10 p.m., every 15—-30 min11:00 a.m. each morning throughout the meeting where information about
utes. The fare to Grand Central train statid@nd Street between Lexington activities in and around New York City will be provided.
and Fifth Avenuesis $10-$13. Transfers to the Sheraton New York Hotel New York City has five boroughs—the Bronx, Brooklyn, Manhattan,
and Towers(7th Avenue and 52nd Stréeare available for an additional Queens, and Staten Island—that are linked by a series of bridges, tunnels,
charge. Reservations for the return trip can be made by calling 212-g755ubways, and ferries. The ASA meeting hotel is located in Manhattan, which
8200. is an island; the Bronx is north of Manhattan and is on the mainland; Queens
o|ymp|a Airport Express_ Follow the signs for ground transporta_ and Brooklyn are on the western tlp of Long Island, which stretches east
tion for the O|ymp|a Airport Express out of Newark Airport. The bus oper- into the Atlantic Ocean. Staten Island is located in New York Bay to the
ates from 4:00 a.m. to 11:00 p.m., every 30—60 minutes. The fare to Grangouthwest of Manhattan.
Central train statiorf42nd Street between Lexington and Fifth Averiss Getting around New York City is facilitated by 3,700 buses, 714 miles
$11. Transfers to the Sheraton New York Hotel and Towétis Avenue and ~ Of subways, 12,000 taxis and limousines, and countless feeder roads. There
52nd Street are available for an additional charge. Reservations for theare also ferries, helicopters, bicycles, and frequent Amtrak and commuter

Ground Transportation

Accompanying Persons Program

return trip can be made by calling 212-964-6233. rail service. And don't forget your feet! NYC is a walking city—flat and
Taxi (with normal traffio—JFK; $35 plus tolls; LaGuardia; $19—22 much of it on a grid.

plus tolls; Newark; $45-55. New York offers a wealth of entertainment options from aquariums,
Driving in Manhattan is not recommended. zoos, and museums, shopping and dining, and a broad range of entertain-

ment including city tours, sports, arts and cultural events, and a multitude of

activities especially for children. One of the best resources for tourist infor-

mation, the Official Visitor Information Center, is a short walk from The
The meeting will be held at the Sheraton New York Hotel and Towers.Sheraton.

Please make your reservations directly with the hotel and ask for one of the ~ New York City’s Official Visitor Information Center, 810 Seventh Ave.

rooms being held for the Acoustical Society of Ameri@eSA). The reser-  between 52nd & 53rd Streets, Tel: 212/484-1222; Hours: Monday to Friday

Hotel Accommodations and Reservations
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8:30 a.m. to 6 p.m.; Saturday, Sunday, and Holidays 9 a.m. to 5 p.m. Newt47th Local Organizing Committee
York City’s Official Visitor Information Center is the city’s official source
for information on everything there is to do and see in New York City Damian J. Doria, Co-Chair
including culture, dining, shopping, sightseeing, events, attractions, tourdRussell Johnson, Co-Chair )
and transportation. The Center features free brochures, discount coupons ry W Elko, '_I'eghnlcgl Program Chalr.
: S P ) Katharine Sawicki, Assistant to the Chairs & A/V
attractions and theaters, multilingual visitor information counselors, ATM, .
) . ) ) . Pam Brooks, Accompanying Persons Program

and Metquard vending maphme. Stop |.n, p!ck up' brochures and discou onrad Kaczmarek, Signs
coupons, find out what's going on, get directions...it's a great place to starg,, Clayton, Technical Tours
your visit. Half-price tickets for theaters may be obtained on the day of therijchard H. Campbell, Tours
performance at the TKTS booth located at 7th Avenue and 47th Street. Fredericka Bell-Berti, Education

Additional information about things to do in New York City during Subha Maruvada, At Large
your visit is available online at http://www.nycvisit.com. Jeffrey Ketterling, At Large

Information about New York theaters and concerts may be obtained
from AmericanaTicketsNY, and tickets ordered in advangtp:/ ASA Celebrates the 25th Anniversary of the
www.americanatickets.comThe telephone number of their branch in the A H
Shoraton Hotel is 212.397.0372. F. V. Hunt Fellowship in Acoustics

In recognition of 25 years of successful operation of the F. V. Hunt
Postdoctoral Fellowship Program, a commemorative luncheon was held dur-
ing the recent meeting of the Society in Austin, Texas. More than half of the
Fellows were present, along with Society officers, members of the Prizes
and Special Fellowships Committee, and other individuals who have made

The registration desk at the meeting will open on Monday, 24 May, atvaluable contributions to the effectiveness of the Program. It was a special
the Sheraton New York Hotel and Towers. To register use the forms in thereat to be joined by Dr. Thomas Hunt, son of the late ASA President, Gold

Registration Information

printed Call for Papers or register online(asa.aip.org If your registra- Medalist, and Harvard University professor Fredrick V. Hunt, for whom the
tion is not received at the ASA headquarters by 26 April you must Program is named.
register on-site Included in a brochure prepared for the luncheon was a brief summary
) ) for each of the 25 Hunt Postdoctoral Research Fellows, along with a few
Registration fees are as follows: o o words about Professor Hunt. These are being published in the Journal in
Category Preregistration Registration  grqer to provide a wider distribution of information about the outcomes of
by after this Society program.
12 April 12 April
Acoustical Society Members $350 $400
Acoustical Society Members One-Day $175 $200
Nonmembers $400 $450
Nonmembers One-Day $200 $225
Nonmember Invited Speakers $75 $75
Studentg(with current ID cards $35 $35
Emeritus members of ASA $75 $75
(Emeritus status preapproved by ABA
Accompanying Persons $75 $75

(Spouses and other registrants who
will not participate in the technical sessigns

Nonmemberswho simultaneously apply for Associate Membership in
the Acoustical Society of America will be given a $50 discount off their
dues payment for the first yeg2004 of membership(Full price for dues:
$100)

NOTE: A $25 PROCESSING FEE WILL BE CHARGED TO
THOSE WHO WISH TO CANCEL THEIR REGISTRATION AFTER
12 APRIL.

FIG. 1. Past Hunt Fellows and others involved in the Hunt Fellowship over
the past 25 years at the celebration luncheon held in Austin.

75th Anniversary Committee 1978-1979 - Steven L. Garrett

Leo L. Beranek, Co-Chair Dr. Garrett worked in the ultralow temperature group at the University
Patricia K. Kuhl, Co-Chair of Sussex, UK. There he continued research on the nonlinear parametric
Anthony A. Atchley generation of sound in superfluid helium, which was the subject of his
Fredericka Bell-Berti doctoral thesis at the University of California, Los Angeles. Other activities
Richard H. Campbell included a survey of experimental studies in liquid helium up to that time, as
William J. Cavanaugh well as the development of a Rayleigh disk experiment for use in superfluid
Dan Clayton helium 3. After that postdoctoral year he assumed a position in the Physics
Lawrence A. Crum Department of the Naval Postgraduate School, Monterey, California, and he
Christopher J. Jaffe is currently United Technologies Professor of Acoustics in the Graduate
Francis Kirschner Program in Acoustics at The Pennsylvania State University.
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1979-1980 - Mary J. Osberger Yale University. His research there, concerned with cavitation nucleation,
the detection of acoustic cavitation, and the dependence of the cavitation

. threshold on various parameters, resulted in several publications and presen-
Dr. Osberger remained there for her Hunt-supported postdoctoral year. H P p p

) - . N¢htions. After that Hunt Fellowship-supported year he joined the faculty of
research topic was the computer simulation of the speech of the deaf. Sl_nciﬁe Naval Postgraduate School in Monterey, California. He is presently

tha_t time she has wqued at the Indlana_ Unl\_/e_rsny SChOOI of Me(_jlcme "NChair of the Graduate Program in Acoustics at The Pennsylvania State Uni-
Indianapolis, and she’s now concerned with clinical studies toward improve-

ment in cochlear implant technology, for Advanced Bionics in Sylmar, Cali-ver8|ty' as well as Vice President of ASA.
fornia.

After completion of graduate work at the City University of New York,

1986-1987 - M. Christian Brown

1980-1981 - Cynthia A. Prosen Dr. Brown, who prepared at the University of Michigan, pursued post-
) ) . o . doctoral research in auditory neuroanatomy and neurophysiology at the
With a doctorate from the University of Michigan in Ann Arbor, Dr.  Massachusetts Eye and Ear Infirmary in Boston. His goal was to study the
Prosen benefited from her Hunt Fellowship support at Northwestern Univerfeedhack system that conveys information from the brain to the inner ear,
sity in Evanston, lllinois. There, working under the supervision of Dr. Peterine olivocochlear efferent system. He currently holds a joint appointment as

Dallos, she greatly expanded her research skills and established a produgssociate Professor of Otology and Laryngology at the Massachusetts Eye
tive, flexible auditory behavioral laboratory for future research projects. Herang Ear Infirmary and at Harvard Medical School.

specific research study was of behavioral and electrophysiological measures
of frequency encoding in the chinchilla. _He_r preser_]t po;itio_n is as Associate_i%?_1988 . lan M. Lindevald
Professor of Psychology at Northern Michigan University in Marquette.
Upon completion of graduate studies in Physics at Case Western Re-
. ) serve University, Dr. Lindevald spent his postdoctoral year with Dr. Ernst
1981-1982 - Daniel Rugar Terhardt at the Institute of Electroacoustics of the Technical University of
After completion of graduate work at the University of California, Los Munich, Germany. His primary experimental research was an investigation
Angeles, Dr. Rugar carried out postdoctoral research at Stanford Universief the perceived pitch of spectrally dense organ tones in the reverberantly
ty’s Edward L. Ginzton Laboratory. He devoted most of his effort to the decaying sound field of a church. A number of additional projects also were
development of an ultrahigh resolution acoustic microscope. While he coneompleted. He now is on the Science Division faculty of Truman State
tinues his affiliation with Stanford as a Consulting Professor of Applied University in Kirksville, Missouri.
Physics, his primary position now is Manager of Nanoscale Studies at the
IBM Almaden Research Center, San Jose, California, where he is trying ta988—1989 - Elizabeth C. Oesterle

extend magnetic resonance imaging to the atomic scale. ) ) ) ) )
Dr. Oesterle carried out Ph.D. thesis research in physiological acous-

tics with Dr. Peter Dallos of Northwestern University, and as a Hunt Fellow
1982-1983 - Wesley N. Cobb she continued research in the same area at the University of Washington,

Dr. Cobb, following graduate study at The University of Texas at Aus- Seattle with Dr. Edwin Rubel. She investigated the hypothesis that proteins
tin and at Yale University, pursued his postdoctoral work with Professorknown to be present in CNS glia are also present in inner-ear supporting
Robert Apfel in Yale’s Applied Mechanics Department. His research topicCells. She remained at the University of Washington following the fellow-
was development of a frequency-domain method for the prediction of theship year, with interests focused on anatomy and physiology of the inner ear
ultrasonic field patterns of pulsed, focused radiators. He subsequently helg@d hair cell regeneration, and is now Research Associate Professor in the
number of industry positions, with focus on the development of ultrasonicPepartment of Otolaryngology—Head and Neck Surgery.
instruments for oil-field and pipeline applications, and is currently Research
Professor of Engineering, and Director of the Center for Ultrasound andl989-1990 - E. Carr Everbach

NDE, at the University of Denver. Following his graduate studies at Yale University, Dr. Everbach carried

out postdoctoral research in the Rochester Center for Biomedical Ultrasound
1983-1984 - Mark F. Hamilton at the University of Rochester, New York. The main goal of his research was
to determine the physical mechanisms of kidney stone and gallstone destruc-

lowing graduate research that was completed at The University of Texas tion by acoustic lithotripsy. Collaborative efforts with several scientists and

Austin, Dr. Hamilton enjoyed a postdoctoral year at the Mathematics Insti- Ds led to a number of successful research studies. Dr. Everbach has con-

tute of the University of Bergen, Norway. There he worked with Professorspnued to actively participate in University of Rochester research while hold-

Jacqueline and Sigve Tjgtta on theoretical research in nonlinear acousticgd 2 teaching position in the Engineering Department at Swarthmore Col-

particularly finite-amplitude effects in sound beams and waveguides. He isﬁege in Pennsylvania.

currently the Harry L. Kent, Jr. Professor in Mechanical Engineering at UT

With a doctorate in Acoustics from Pennsylvania State University, fol-

Austin, and Vice President-Elect of the ASA. 1990-1991 - Kenneth A. Cunefare
Upon completion of his graduate studies at The Pennsylvania State
1984—1985 - Christine H. Shadle University, Dr. Cunefare spent his Hunt postdoctoral year in residence at the

) . . Institute for Technical Acoustics, Technical University of Berlin, Germany,
Following graduate work on the acoustics of speech production at thgyorking with Herr Dr. Professor Manfred Heckl. His research topic was the
Massachusetts Institute of Technology, Dr. Shadle spent her Hunt postdogsyestigation of the concept of exterior acoustic radiation modes, the idea
toral year at the Institute of Sound and Vibration Regearch at the Un|v§r5|t¥hat exterior acoustic fields could be decomposed in an orthogonal expan-
of Southampto_n, UK. _The_re she extended her thesis research, working af)gp, (via an eigenvalue problem or a singular value decompositishere
the aeroacoustics of fricative consonants, and also worked on the aeroacoyfg ejgenvalues correspond to radiation efficiencies and the corresponding
tics of laryngeal vibration, using flow visualization of a model of the vocal gjgenvectors correspond to particular vibration patterns on the surface of the
folds and tract. A second beneficial experience was provided by a NATGyqqy of interest. He now is on the faculty of the School of Mechanical
postdoctoral fellowship at the Department of Speech Communication anggineering at the Georgia Institute of Technology, Atlanta.
Music Acoustics of KTH, Stockholm, Sweden. She then accepted an aca-
demic position in the School of Electronics and Computer Science at th‘i991—1992 . Gregory J. Sandell
University of Southampton.
With strong interest in musical acoustics and a degree from Northwest-
. ern University, Dr. Sandell traveled to the University of California, Berkeley
1985-1986 - Anthony A. Atchley for his Hunt Fellowship year. There he investigated auditory science and
A Physics graduate from the University of Mississippi, Dr. Atchley musical sound processing with David Wessel. Subsequently he held addi-
carried out his postdoctoral research in Professor Robert Apfel's group aional postdocs, for 2 years in the Experimental Psychology Department at
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the University of Sussex in Brighton, England, and for 3 years at the Parmlythreshold shift project. Dr. Finneran has remained at SSC San Diego, first as

Hearing Institute of Loyola University in Chicago, Illinois, before turning to an NRC Postdoctoral Research Fellow and now as a full-time employee

employment in the private sector. studying the hearing capabilities of, and the effects of sound on, marine
mammals.

1992-1993 - Quan Qi
Dr. Qi carried out both graduate and postdoctoral research in the Del998-1999 - Lily M. Wang

partment of Theoretical and Applied Mechanics at the University of lllinois Dr. Wang completed her graduate studies at Pennsylvania State Uni-
at Urbana—Champaign. His main focus was investigation of the mechanismgersity, and spent her postdoctoral year with Dr. Anders Gade in the Acous-
of ultrasonic cleaning of small particles without using cavitation and atic Technology Department at the Technical University of Denmark. Her
chemical detergent. He also studied the effect of compressibility on acoustigesearch efforts were focused on investigating the phenomenon of spatial
streaming near a plane boundary, and ultrasonic cleaning of compliant sufmpression in concert halls, and they sought to clarify which objective mea-
faces such as skin. Following experience in the Department of Mechanicajure (and therefore physical explanatiobest matched the subjective per-
Engineering, the University of Colorado at Boulder, he is currently at theception of spatial impression. She currently is responsible for the Architec-
Hewlett-Packard Company in Corvallis, Oregon. tural Engineering Program at the University of Nebraska—Lincoln in
Omaha.
1993-1994 - Charles E. Bradley

Following completion of graduate research in nonlinear acoustics afl999—2000 - Penelope Menounou
The University of Texas at Austin, Dr. Bradley traveled for his postdoctoral With an F.V. Hunt Postdoctoral Research Fellowship, Dr. Menounou

experience to the University of California at Berkeley. There he focused hig,ontinyed theoretical studies, in the Mechanical Engineering Department of
attention on the possible use of acoustic streaming for cooling microyhe yniversity of Texas at Austin, on the propagation of finite-amplitude
electromechanical systems, including miniature transducers. After a seconthise. Her goal was to predict the effect of nonlinear propagation distortion
postdoctoral year at UC, he accepted a research position in California Wit ihe power spectral density of a given noise source, when the time wave-
Siemens Medical Solutions Ultrasound Division. form itself is not known, only its power spectral density. A new method was
developed that predicted the combined effect of nonlinearity and thermovis-
1994-1995 - T. Douglas Mast cous attenuation directly on the power spectral density of a given noise
ource. She has continued research on traffic noise propagation and diffrac-

Armed with a Pennsylvania State University doctorate, Dr. Mast spenﬁOn in this department

his Hunt Fellowship year at the University of Rochester Diagnostic Ultra-
sound Research Laboratory in Rochester, New York. There he collaborated
with Professor Robert Waag and others on theoretical, computational, an2000—-2001 - James C. Lacefield
gxperl_mental investigations of acoustlc_ scattering from soft tissues. T.he§e Following doctoral training at Duke University, and with the support
investigations had the general goal of improved methods for ultrasonic di- . L .

; ; o - of the F. V. Hunt Fellowship, Dr. Lacefield investigated methods for the
agnosis of disease. The specific motivation for the research was to develop .. ~ . . : : .

stimation and compensation of medical ultrasound focusing efrers

|mproved quantltatlve and hlgh—resolutlon d|agnos_t|c techniques fpr useaberratiom produced by propagation through heterogeneous tissue. This re-
with next-generation ultrasonic apparatus. Dr. Mast is currently working for

. A . . search was performed at the University of Rochester in collaboration with
Ethlc_on_ I_End_o—Su_rg_ery in _Clnu_nnatl, tho, a Jphnson & Johnson comPaNY hfessor Robert C. Waag. Dr. Lacefield is now a faculty member in the
specializing in minimally invasive surgical devices. Departments of Electrical and Computer Engineering and Medical Biophys-

ics, University of Western Ontario, London, Ontario, Canada.
1995-1996 - Robin O. Cleveland

After completion of his doctoral research at the University of Texas at2001-2002 - Chao-Yang Lee
Austin, Dr. Cleveland worked with Professor Lawrence Crum at the Applied ) . . " . e .
Physics LaboratoryAPL) of the University of Washington in Seattle. His With a SO!'d background in the cognitive and |IHQUISt.IC sciences at
task was to carry out research in extracorporeal shock wave lithotripsy—th&rown University, Dr. Lee carried out postdoctoral work in the Speech

medical procedure whereby shock waves are used to break up kidney ston&ommunication Group, Research Laboratory of Electronics, Massachusetts

The specific original goal of the fellowship year was to model the propaga-'ns,tit“te of Technology. The broad goal was to delineate how acou;tic prop-
§rties of speech are processed, based on knowledge of articulatory—

tion of lithotripsy shock waves through tissue. He remained at APL a secon o DEEE ! ; . )
year as a fulltime researcher, and is now a member of the faculty of th@cousnc—lmgwstm relationships, to access lexical representations. In par-

Department of Aerospace and Mechanical Engineering at Boston Universitjicular he explored whether the approach of lexical access based on
detecting acoustic landmarks and extracting phonetic features, proposed by

Professor Ken Stevens at MIT, could be extended to Mandarin Chinese, a

tone language in which fundamental frequency variations are used for lexi-
Building upon his graduate studies at the Massachusetts Institute ofal distinctions. He now is on the faculty of the School of Hearing, Speech

Technology, Dr. Hasegawa-Johnson split his postdoctoral year betweeand Language Sciences at Ohio University, Athens, Ohio.

Cambridge and Los Angeles. He worked with Professor Abeer Alwan at

UCLA and Professor Ken Stevens at MIT to study the relationships amonggg2_2003 - Constantin-C. Coussios

articulatory dynamics, vowel formant dynamics, and vowel spectral dynam-

ics. Their observations from the field of speech production led to exploration ~ Dr. Coussios completed his graduate studies at the University of Cam-

of a new model of speech recognition, in which the dependence of acoustieridge, England in biomedical engineering. His support as a Hunt Postdoc-

spectra on phoneme identity is mediated by the dynamics of two to fouforal Research Fellow began late in 2002, and he worked with Professor

continuous-valued hidden state variables. Dr. Hasegawa-Johnson is curonald Roy at Boston University through the Fall 2003 semester. His re-

1996-1997 - Mark A. Hasegawa-Johnson

rently at the Beckman Institute of The University of lllinois in Urbana. search topic involves the modeling of the cavitation bubble field in tissue-
mimicking media. He has accepted a position as Lecturer in Biomedical
1997-1998 - James J. Finneran E:g:;ﬁgrmg and Fellow of Magdalen College at the University of Oxford,

Following graduate study at Ohio State University, Dr. Finneran
worked with Dr. Sam Ridgway at the U.S. Navy Marine Mammal Program
. : '2003-2004 - Tyrone M. Porter
Space and Naval Warfare Systems Cef&8Q, San Diego. Accomplish- y
ments during the postdoctoral year included development of a computer-  The most recent F. V. Hunt Fellowship was awarded to Dr. Porter, who
controlled system for archiving the facility’s rather large collection of mag- received his Ph.D. in bioengineering at the University of Washington in
netic tape-based data, and collaboration on a marine mammal temporaf§eattle. He recently began his postdoctoral appointment at the University of
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Cincinnati, Ohio, where he is working with Professor Christy Holland. His
research interest is in the use of ultrasound to image blood clots and to assist
in the targeted delivery of drugs.
12-14 July

Frederick Vinton Hunt - 1905-1972

F. V. Hunt, known from a young age as Ted, grew up in Barnesville,
Ohio and earned AB and BEE degrees from Ohio State University. He
enrolled in the graduate school of Harvard University in 1925 and remained
there until his retirement, a year before his death. Following completion of3_7 ayg.
doctoral dissertations in both engineering and physics, he made rapid
progress through the academic ranks that culminated in two endowed chairs:
Gordon McKay Professor of Applied Physics and Rumford Professor of

Physics. He thrived on the opportunity to interact in Cambridge with a broacdp_24 Sept.

group of creative, distinguished scientists, with whom he sharpened his
incisive mind and expanded his vision. Throughout his days he exhibited a
remarkable gift for teaching, a brilliant flair for practical invention and de-
velopment, and a skill for scientific administration.

Professor Hunt spoke of three periods in his professional life: beforejs_19 Nov.
1941, when he did things himself; the war years, in which he did things
through a large research organization; and after World War I, when he
stimulated his students to do things. His graduate study included research on
room acoustics and development of electronic apparatus that made that re-
search possible. Subsequently he developed lightweight phonograph pick-
ups, wrote a textbook on electroacoustics, and contributed as advisor toward
a continuing set of Navy concerns. He supervised graduate student research

Quadrangle, Melville, NY 11747-4502; Tel.: 516-576-
2360; Fax: 516-576-2377; E-mail: asa@aip.org;
WWW: http://asa.aip.orf

Noise-Con 2004, Baltimore, MPnstitute of Noise
Control Engineering of the USA, Inc., INCE/USA Busi-
ness Office, 212 Marston Hall, lowa State Univ., Ames,
IA 50011-2153; Tel.: 515-294-6142; Fax: 515-294-
3528; E-mail: ibo@inceusa.org; WWW: http://
www.inceusa.org/NoiseCon04call.jdf

8th International Conference of Music Perception and
Coghnition, Evanston, IlLSchool of Music, Northwest-
ern  Univ, Evanston, IL 60201, WWW:
www.icmpc.org/conferences.htinl

ACTIVE 2004—The 2004 International Symposium on
Active Control of Sound and Vibration, Williamsburg,
VA (INCE Business Office, lowa State Univ., 212 Mar-
ston Hall, IA 50011-2153 Fax: 515 294 3528; E-mail:
ibo@ince.org; WWW: inceusa.org

148th Meeting of the Acoustical Society of America,
San Diego, CA Acoustical Society of America, Suite
1NO1, 2 Huntington Quadrangle, Melville, NY 11747-
4502; Tel.: 516-576-2360; Fax: 516-576-2377; E-mail:
asa@aip.org; WWW: http://asa.aip.grg

over a wide range of topics, from cavitation in liquids to signal processing.Cumulative Indexes to the Journal of the
During World War 1l he organized and directed the Harvard UnderwaterAcoustica| Society of America

Sound Laboratory, funded by the US government and with the objective to
improve existing apparatuyas well as conceive and design new approaches

Ordering information: Orders must be paid by check or money order in

for the detection and localization of submarines. As was stated in the encdd.S. funds drawn on a U.S. bank or by Mastercard, Visa, or American
mium for the ASA Pioneers of Underwater Acoustics Medal that he receivedExpress credit cards. Send orders to Circulation and Fulfillment Division,
in 1965, this diversion of his energy led to his making “pioneering contri- American Institute of Physics, Suite 1NO1, 2 Huntington Quadrangle,
butions to underwater acoustics as a scientist, innovator, teacher and admiltelville, NY 11747-4502; Tel.: 516-576-2270. Non-U.S. orders add $11 per
istrator; and particularlyfor his] unceasing efforts directed toward greater index.

scientific understanding and more effective exploitation of sound in the Some indexes are out of print as noted below.

sea.” Volumes 1-10, 1929-1938: JASA and Contemporary Literature, 1937—

A member of the Acoustical Society of America as early as 1931, Ted1939. Classified by subject and indexed by author. Pp. 131. Price: ASA
Hunt served the Society as President and on its Councils and Committeesiembers $5; Nonmembers $10.
helping to shape the directions it has taken. He contributed his keen wityolumes 1120, 1939-1948: JASA, Contemporary Literature, and Patents.
humor, and pithy remarks to technical sessions in all but one of ASAsClassified by subject and indexed by author and inventor. Pp. 395. Out of
meetings during the remainder of his life. Print.

The availability of the F. V. Hunt Postdoctoral Research Fellowship to Volumes 21-30, 1949-1958: JASA, Contemporary Literature, and Patents.
students in all technical areas of the Society is consistent with Professdtlassified by subject and indexed by author and inventor. Pp. 952. Price:
Hunt's deep concerns for the entire discipline. His award of the Society’sASA members $20; Nonmembers $75.

Gold Medal in 1969 was accompanied by the citation: “For his extensiveVolumes 3135, 1959-1963: JASA, Contemporary Literature, and Patents.
contributions to the science and technology of acoustics in the fields oflassified by subject and indexed by author and inventor. Pp. 1140. Price:
architecture, engineering, and signal processing; for his creative leadershsSA members $20; Nonmembers $90.

in underwater sound and its application to the security of our nation; for hisvolumes 36-44, 1964-1968: JASA and Patents. Classified by subject and
inspirational guidance as a teacher and his stimulating leadership as a labimdexed by author and inventor. Pp. 485. Out of Print.

ratory administrator; and for his dedicated service to the Society as an alolumes 36-44, 1964-1968: Contemporary Literature. Classified by sub-
thor, lecturer, counselor, and officer.” ject and indexed by author. Pp. 1060. Out of Print.

During the final decade of his teaching career he recognized that it wa¥olumes 45-54, 1969-1973: JASA and Patents. Classified by subject and
no longer possible for one person to remain up-to-date in so many technicahdexed by author and inventor. Pp. 540. Price: $@@perbouny ASA
areas, but he retained his interest in Acoustics as a whole. He never lost hisembers $25clothbound; Nonmembers $6Qclothbound.
enthusiasm, and he remained loyal and encouraging to all those who haélumes 55-64, 1974-1978: JASA and Patents. Classified by subject and
been privileged to be his students, postdocs, colleagues, and friends. It isdexed by author and inventor. Pp. 816. Price: $@@perboung ASA
entirely fitting that this fellowship honors him and continues to bring his life members $2%clothbound; Nonmembers $6Qclothbound.
to the attention of new generations of acousticians. Volumes 65-74, 1979-1983: JASA and Patents. Classified by subject and

indexed by author and inventor. Pp. 624. Price: ASA members(f2per-
: bound; Nonmembers $7%clothbound.
USA Meetmgs Calendar Volumes 75-84, 1984-1988: JASA and Patents. Classified by subject and

Listed below is a summary of meetings related to acoustics to be heldndexed by author and inventor. Pp. 625. Price: ASA members(g&per-
in the U.S. in the near future. The month/year notation refers to the issue ilound; Nonmembers $80clothbound.
which a complete meeting announcement appeared. Volumes 85-94, 1983-1993: JASA and Patents. Classified by subject and

indexed by author and inventor. Pp. 736. Price: ASA members(f&per-
2004 bound; Nonmembers $80clothbound.
75th Anniversary Meetingl47th Meeting of the Volumes 95-104, 1994-1998: JASA and Patents. Classified by subject and
Acoustical Society of America, New York, NjAcous- indexed by author and inventor. Pp. 632. Price: ASA members(fdper-
tical Society of America, Suite 1NO1, 2 Huntington bound; Nonmembers $90clothbound.

24-28 May
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International Meetings Calendar

11-16

Below are announcements of meetings and conferences to be held
abroad. Entries preceded by arare new or updated listings.

March 2004
17-19

22-25

23-26

31-3

April 2004
5-9

11-13

25-30

27-28

May 2004
8-10

10-12

17-21

June 2004
6-9

July 2004
5-8

5-8

J. Acoust. Soc. Am. 115 (2), February 2004

Spring Meeting of the Acoustical Society of Japan
Atsugi, Japan. (Fax: +81 3 5256 1022; Web:
wwwsoc.nii.ac.jp/asj/index-e.htinl

Joint Congress of the French and German Acousti-
cal Societies(SFA-DEGA), Strashourg, FrancéFax:
+33 1 48 88 90 60; Web: www.sfa.asso.fr/cfa-
daga200%#

International Conference: Speech Prosody 2004
Nara, Japan. K. Hirose, School of Frontier Sciences,
University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo
113-0033, Japan; Fax+81 3 5841 6648; Web:
www.gavo.t.u-tokyo.ac.jp/sp2004

International Symposium on Musical Acoustics
(ISMA2004), Nara, Japan(Fax: +81 77 495 2647;
Web: www?2.crl.go.jp/jt/al32/isma20p4

18th  International Congress on Acoustics
(ICA2004), Kyoto, Japan.(Fax: +81 66 879 8025;
Web: www.ica2004.or.jp

International Symposium on Room Acoustics
(ICA2004 Satellite Meeting, Hyogo, Japan.(Fax:
*+81 78 803 6043; Web: rad04.iis.u-tokyo.ag.jp

9th Meeting of the European Society of Sonochem-
istry, Badajoz, Spain(European Society of Sonochem-
istry, Avenida de Europa 3, 06004 Badajoz, Spain; Web:
www.ess9.com

*Advanced Metrology for Ultrasound in Medicine,
Teddington, UK. (Fax: +44 20 8943 6735; Weh:
www.amum2004.npl.co.yk

116th AES Convention Berlin, Germany. (Web:
aes.org/events/116

Tenth AIAA/CEAS AeroAcoustics
Manchester, UK(Web: www.aiaa.org
International Conference on Acoustics, Speech, and
Signal ProcessingICASSP 2004, Montreal, Canada.
(Web: www.icassp2004.com

Conference

13th International Conference on Noise Contro]
Gdynia, Poland(Web: www.ciop.pl/noiseé)4)
*Transport Noise and Vibration 2004, St. Petersburg,
Russia.(Web: webcente.rafeeaa/tnOj

Joint Baltic—Nordic Acoustical Meeting, Mariehamn,
Aland, Finland. (Fax: +358 09 460 224; e-mail:
asf@acoustics.hut)fi

7th European Conference on Underwater Acoustics
(ECUA 2004), Delft, The Netherlands(Fax: +31 70
322 9901; Web: www.ecua2004.tno.nl

Eleventh International Congress on Sound and Vi-
bration (ICSV11), St. Petersburg, Russi@Neb: ww-
w.iiav.org)

August 2004
23-27

22-25

30-1

September 2004
13-16

13-17

14-16

15-17

20-22

20-22

28-30

October 2004
4-8

6-8

November 2004
4-5

May 2005
16-20

0001-4966/2004/115(2)/441/2/$20.00

12th International Symposium on Acoustic Remote
Sensing(ISARS), Cambridge, UK(Fax: +44 161 295
3815; Web: www.isars.org.yk

2004 IEEE International Ultrasonics, Ferroelectrics,
and Frequency Control 50th Anniversary Confer-
ence Montreal, Canada(Fax: +1 978 927 4099; Web:
www.ieee-uffc.org/index2-agp

Inter-noise 2004 Prague, Czech RepublictWeb:
www.internoise2004.9z

Low Frequency 2004 Maastricht, The Netherlands.
(G. Leventhall, 150 Craddlocks Avenue, Ashtead, Sur-
rey KT 21 INL, UK; Web:
www.lowfrequency2004.org.uk

Subjective and Objective Assessment of Sound
Poznan Poland.(Institute of Acoustics, Adam Mank-
iewicz University, Poznan Poland.  Web:
www.ia.amu.edu.pl/index.html

4th lberoamerican Congress on Acoustics, 4th Ibe-
rian Congress on Acoustics, 35th Spanish Congress
on Acoustics Guimaras, Portugal(Fax: +351 21 844
3028; Web: www.spacustica.pt/novidades.htm
*International Conference on Sonar Signal Process-
ing and Symposium on Bio-Sonar Systems and Bioa-
coustics Loughboro, UK (Fax: +44 1509 22 7058c/o
D. Gordon; Web: ioa2004.Iboro.ac.0k

26th European Conference on Acoustic Emission
Testing, Berlin, Germany(DGZIP, Max-Planck-Str. 26,
12489 Berlin, Germany; Web: www.ewgae2004.de
International Conference on Noise and Vibration
Engineering (ISMA2004), Leuven, Belgium.(Fax:
+32 16 32 29 87; Web: www.isma-isaac.be/fanf/
defaulten.phtm)

*9th International Workshop “Speech and Com-
puter” (SPECOM'2004), St. Petersburg, Russia.
(Web: www.spiiras.nw.ru/speech

Autumn Meeting of the Acoustical Society of Japan
Naha, Japan.(Fax: +81 3 5256 1022; Web:
wwwsoc.nii.ac.jp/asj/index-e.html

8th Conference on Spoken Language Processing
(INTERSPEECH), Jeju Island, Korea. (Web:
www.icslp2004.org

* Acoustics Week in Canada Ottawa, ON, CanadaJ.
Bradley, NRC Institute for Research on Construction
[Acoustics Sectioh Ottawa, Ontario, K1A OR6; Fax:
+1 613 954 1495; Web: caa-aca).ca

Autumn Meeting of the Swiss Acoustical Society
Rapperswil, Switzerland(Fax: +41 419 62 13; Web:
www.sga-ssa.ch

149th Meeting of the Acoustical Society of America
Vancouver, B. C. Canad&ASA, Suite 1INO1, 2 Hun-
tington Quadrangle, Melville, NY 11747-4502 USA,;
Fax: +1 516 576 2377; Web: asa.aip.org
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August 2005

6-10

28-2

*Inter-Noise, Rio de Janeiro, Brazil. (Web:

www.internoise2005.ufsc.pr

EAA Forum Acusticum Budapest 2005 Budapest,
Hungary.(l. Baba, OPAKFI, Fou. 68, Budapest 1027,
Hungary; Fax: +36 1 202 0452; Web:
www.fa2005.0rg

September 2005

4-8 9th Eurospeech Conferencd EUROSPEECH'2005,
Lisbon, Portugal. (Fax: +351 213145843; Web:
www.interspeech2005.0rg

June 2006

26-28 9th Western Pacific Acoustics Conferencé WESPAC
9), Seoul, Korea. (Web: www.wespac8.com/
Wespac!X.htm)l

442  J. Acoust. Soc. Am., Vol. 115, No. 2, February 2004

September 2007

2-7 19th  International Congress on Acoustics
(ICA2007). Madrid, Spain(SEA, Serrano 144, 28006
Madrid, Spain; Web: www.ia.csic.es/seal/index.html

Preliminary Announcements

September 2005

5-9 *Boundary Influences in High Frequency, Shallow
Water Acoustics Bath, UK. (Details to be announced
laten

June 2008

23-27 Joint Meeting of European Acoustical Association

(EAA), Acoustical Society of America(ASA), and
Acoustical Society of France(SFA). Paris, France.
(Details to be announced lajer
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BOOK REVIEWS

P. L. Marston
Physics Department, Washington State University, Pullman, Washington 99164

These reviews of books and other forms of information express the opinions of the individual reviewers
and are not necessarily endorsed by the Editorial Board of this Journal.

Editorial Policy: If there is a negative review, the author of the book will be given a chance to respond to
the review in this section of the Journal and the reviewer will be allowed to respond to the author’s
comments. [See “Book Reviews Editor’s Note,” J. Acoust. Soc. Am. 81, 1651 (May 1987).]

An Introduction to Underwater Acoustics tion, simple illustrative models, such as one employing multiple image
sources, are presented with emphasis on ray methods. Outlines are given of

the parabolic equation and modal methods, and these methods are supported
by short appendixes, as are several other of the more technical subjects. The
Springer, New York, 2002 treatment of scattering by the ocean surface and bottom is balanced, brief,
347 pp. Price: $89.95 (hardcover), ISBN 3540429670. yet self-contained, and the chapter on acoustic mapping systems with ac-
companying color plates offers a wide-ranging description of several impor-
This book is a general survey of Underwater Acoustics, intended totant techniques. A section on the use of decibels will be welcomed by stu-
make the subject “as easily accessible as possible, with a clear emphasis @Rnts wondering whether a factor of 10 or a factor of 20 should precede the
applications.” In this the author has succeeded, with a wide variety of subjogarithm, although the somewhat cavalier use of units preferred in under-
jects presented with minimal derivation, that task being deliberately left toater acoustics is followed throughout. Thus, source voltage sensitivity is
other'sources. A book of this brefadth must be compared tg Urigk’s FIaSSicexpressed in dBe: 1 wPa/l m/1 V, implying that one should multiply by
Principles of Underwater Soundk joke among some theoretically inclined 546 16 get pressure, when division is required. Similarly, interface scatter-
underwater acousticians Is that, Wh.”e none will admit to using th's_ cook- ing strength is the decibel equivalent of a dimensionless quantity, but is
book,” all have copies within reach just in case the real world of noise andexpressed as dB: 1 2. Perhaps it's not the job of a book at this level to

reverberation intrudes. Lurton's book provides coverage of several SUbjeC'izsectify these erroneous conventions, but they do little to advance learning. A

not found in Urick, with material on nonmilitary uses of underwater acous- . ) ; ) .
. - . . . .~ short section on real, analytic, and quadrature signal representations is mod-
tics and deeper treatment of signal processing, including beamforming.

) . LS h . “érn and useful, although more consistent notation would help the student
There is an emphasis on technology and on intuitive physical explanatio

n . ;
with somewhat fewer of the curves, tables, and nomograms marked bé,ort out the differences. The book has numerous typographical errors and

dog-eared pages in Urick. Still, there are many useful formulas and CurVeﬁil"ﬁculties in translation. Some translation problems, such as “writes as” for

such as the Francois—Garrison absorption equations, the Chen—MiIIergFan be written as” are innocuous, but some, such as “swell spectrum” for

sound-speed formulas, the Knudson noise curves, expressions for th&/@ve spectrum,” could cause difficulty. If these problems are fixed in a

strengths of simple targets, etc. future edition, Lurtor_1’s hgndsorne book V\{ill be a fu_II realiz_ation of the
This book seems best suited to a graduate survey course for nonsp8Uthor's goal of making his subject accessible to a wide audience.

cialists where it might, in the author’s words, “arouse vocations for acous-

tics, both in students and in scientists...” For new practitioners, it would PARRELL R. JACKSON

serve as an introduction and portal to the primary literature. For exampleApplied Physics Laboratory

the treatment of sound propagation in the ocean waveguide is quite brief arldniversity of Washington

would require use of cited references in many applications. In compens&aSeattle, Washington 98105

Xavier Lurton
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REVIEWS OF ACOUSTICAL PATENTS

Lloyd Rice
11222 Flatiron Drive, Lafayette, Colorado 80026

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.
Patents are available via the Internet at http://www.uspto.gov.

Reviewers for this issue:

GEORGE L. AUGSPURGER, Perception, Incorporated, Box 39536, Los Angeles, California 90039

MARK KAHRS, Department of Electrical Engineering, University of Pittsburgh, Pittsburgh, Pennsylvania 15261

HASSAN NAMARVAR, Department of BioMed Engineering, University of Southern California, Los Angeles, California 90089
DAVID PREVES, Starkey Laboratories, 6600 Washington Ave. S., Eden Prarie, Minnesota 55344

DANIEL R. RAICHEL, 2727 Moore Lane, Fort Collins, Colorado 80526

CARL J. ROSENBERG, Acentech Incorporated, 33 Moulton Street, Cambridge, Massachusetts 02138

WILLIAM THOMPSON, JR., Pennsylvania State University, University Park, Pennsylvania 16802

ERIC E. UNGAR, Acentech, Incorporated, 33 Moulton Street, Cambridge, Massachusetts 02138

ROBERT C. WAAG, Univ. of Rochester, Department of Electrical and Computer Engineering, Rochester, New York 14627

6,606,312

43.28.Bj ANALOG RADIO SYSTEM WITH
ACOUSTIC TRANSMISSION PROPERTIES

6,606,958

43.30.Yj TOWED ACOUSTIC SOURCE ARRAY
SYSTEM FOR MARINE APPLICATIONS

Grant McGibney, assignor to Telecommunications Research
Laboratories 19 August 2003(Class 114242); filed 14 June 2000

12 August 2003(Class 37@345); filed 25 March 1999 A towed array comprises a set of individual positively buoyant tow

Multipath distortion in FM radio reception is audible and objection- bodies(48, 50, 52 shown in the figureeach of which contains an acoustic
able, yet for two people conversing in a typical room the acoustic multipathsourcel2 such as an air gun or a hydraulic vibrator unit. Each tow body also
distortion is considered normal. “The purpose of this invention is to coercecontains a reel that stores an interconnect umbilical cable within its vertical
the radio medium to behave like the acoustic medium when carrying voice.’stabilizer surfacéshown in cutaway in the right-hand tow bodyhe reel is
Speech segments are digitized, then broadcast at a much higher samplin
rate. This compresses the signal in time and expands it in frequency. The
process is reversed in the radio receiver. “After decompression, the signal
from the radio channel sounds like a natural acoustic signal so there is nc —
need for complex digital signal processing."—GLA

6,606,279
12

43.30.Gv SUBMERGENCE DETECTION FOR o |
ELECTRO ACOUSTIC TRANSDUCERS o

controllable from the tow ship through the tow umbilical cable. Hence the

positioning, i.e., separation, of the tow bodies can be varied both for opera-

12 August 2003(Class 36799): filed in the United Kingdom tional purposes as well as to facﬂltatg thglr retrieval and storage. Othgr
control surfaces on each tow body adjust its depth and transverse spatial

25 February 1998 o
positions.—WT
A method for detecting the actual submergence of an electroacoustic

transducer into a body of fluid is discussed. The transdRdess its radiat-

ing face4 surrounded by a skir6 that encloses a volume of ali0, even

under submergence conditions. High-frequency pulses emitted by the trans-

John V. Bouyoucos, assignor to Hydroacoustics Incorporated

INTERCONNECT UMBILICAL TOW UNBILICAL

Ashley Preston, assignor to Milltronics Limited

6,607,050
2 43.30.Yj INTEGRATED OCEAN BOTTOM TOWED
\ 8 ARRAY FOR FOUR-COMPONENT SEISMIC

=== DATA ACQUISITION

- — -

Guoxin He et al, assignors to China National Petroleum
E— i —~,"Tb - Corporation
— —_— 19 August 2003(Class 181110); filed in China 26 April 2000
4 14

[ An ocean bottom towed seismic array consists of a hydrophone section
ducer reflect, of course, from the air—water interface and the echoes ar@ piezoceramic accelerator sensa geophone section containing three
sensed by some receivarot shown. The novelty of this patent seems to mutually perpendicular velocity sensors all on the same gimbal unit, an
reside in how the echo signals are processed to determine incipient submegtectronics section, and cable joints, all connected in longitudinal arrange-
sion of the transducer—WT ment on an underwater cable—WT

J. Acoust. Soc. Am. 115 (2), February 2004 0001-4966/2004/115(2)/445/18/$20.00 © 2004 Acoustical Society of America 445
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43.35.Ud VIBRATION REDUCTION IN A
COMBUSTION CHAMBER

6,595,002 determine the rate of change of energy absorption with frequency. This
information can then be compared with a database of known objects.—EEU

Wolfgang Weisenstein, assignor to ABB Schweiz AG 6,552,803
22 July 2003(Class 60772); filed in the European Patent Office
1 May 2001 43.35.Zc DETECTION OF FILM THICKNESS

In annular combustion chambers of turbomachines in which burnersrt HROUGH INDUCED ACOUSTIC PULSE-ECHOS

are arranged around the circumference there occur self-excited pressure os-

cillations due to the interaction of the thermoacoustic pressure pulsations  Haiming Wang et al, assignors to KLA-Tencor Corporation

and local heat release from the burners. The resulting circumferential pres- 22 April 2003 (Class 356503); filed 17 August 1999

sure oscillations may become very severe. In order to limit these oscilla- Measurement of the thickness of a film in microelectronics manufac-

tions_, a number of modulatabl_e bur_ners are designed so that their fl_JeI Ma$Sring is accomplished by directing laser pulses at the film surface. The

flow is modulated at frequencies different from the natural frequencies andegiting acoustic pulse is reflected from the interface between the film and

from the instability frequencietdetermined by the geometry and thermo- e supstrate, and is again reflected from the free surface. Heterodyne inter-

physical conditionsof the combustion chamber—EEU ferometry is used to measure the time interval between the first and second
reflections, from which the film thickness is determined.—EEU

6,545,947

43.35.Yb ACOUSTIC MATCHING MATERIAL,
METHOD OF MANUFACTURE THEREOF, AND 6,554,826
ULTRASONIC TRANSMITTER USING ACOUSTIC 43.35.7¢ ELECTRO-DYNAMIC PHASED ARRAY

MATCHING MATERIAL LENS FOR CONTROLLING ACOUSTIC

Hideki Morozumi et al, assignors to Matsushita Electric WAVE PROPAGATION
Industrial Company, Limited
8 April 2003 (Class 367152); filed in Japan 12 November 1999 Dana L. Deardorff, assignor to TxSonics-Limited

Materials to match the acoustic impedance of solid transducer surfaces 29 April 2003 (Class 60627); filed 21 April 2000
to that of air are obtained by using a large number of fine pieces, such as  This ultrasonic lens consists of a planar array of cells, each element of
small hollow glass spheres, that are bonded to each other at contact points which may be controlled separately so that incident ultrasonic energy can be

encapsulated in a matrix.—EEU focused at desired points without the need for changing lenses.—EEU
6,607,491
43.35.Yb ULTRASONIC PROBE 6,566,886
Shohei Sato, assignor to Aloka Company, Limited 43.35.Zc METHOD OF DETECTING CRYSTALLINE

19 August 2003(Class 600459); filed in Japan 27 September 2001  DEFECTS USING SOUND WAVES

The principal feature of this ultrasonic probe is its incorporation of a ) ) ) )
sonic speed control element. The probe consists of a transducer element, a 1€ A. Couteau et al, assignors to Advanced Micro Devices,
sonic speed control element, and an acoustic-impedance matching layer. The ~_Incorporated )
sonic speed control element functions to control the sonic speed of the 20 May 2003(Class 324614); filed 28 March 2001
ultrasonic waves traveling therein, and it has an inclined characteristicinthe  |n this method for inspecting integrated circuit structures, the struc-
speed control effect whereby that effect changes continuously along theure’s natural frequency is determined. Then the structure is immersed in a
direction of the travel of the ultrasonic waves. The specific acoustic impedtiquid and a series of sound pulses are introduced in order to produce col-
ance of the speed control element at the end nearest living tissue corrgapsing bubbles near the structure. These bubbles produce pulses in a fre-
sponds to the specific impedance of the acoustic matching layer at the engliency range that includes the structure’s natural frequency, causing the
away from the tissue. In the preferred embodiment the acoustic matchingtructure to resonate. Thereafter the structure is examined for damage, per-
layer is formed by layering two or three or more overlapped members. Thenitting identification of flaws early in the manufacturing process.—EEU
boundary between two adjacent members has a shape featuring a series of
hills and valleys. The crossing angle between the propagation direction of
the ultrasonic waves and the boundary is set so that a predetermined condi-

tion is satisfied.—DRR 6,596,239

6,545,945 43.35.Zc ACOUSTICALLY MEDIATED FLUID
TRANSFER METHODS AND USES THEREOF
43.35.Zc MATERIAL CLASSIFICATION APPARATUS

AND METHOD Roger O. Williams et al,, assignors to EDC Biosystems,
Incorporated
David D. Caulfield, assignor to Ocean Data Equipment 22 July 2003(Class 422100); filed 12 December 2000
Corporation

' ) A source generates an acoustic wave that is focused by a lens prior to
8 April 2003 (Class 36787); filed 26 February 2001 propagating through a layer of coupling fluid. The wave is then transmitted
Materials in a containefsuch as a suitcag®r buried in the ground  through a containment structure so as to come to a focus near the surface of

(e.g., explosives or pipelingare identified by the use of electromagnetic or a thin pool of source fluid, ejecting a droplet of that fluid. The containment

acoustic sources and receivers. Energy pulses of different frequencies asgructure can be supported on a stage that can be moved via computer-

directed at the area of interest and the received signals are analyzed tontrolled actuators.—EEU
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6,598,958 y

43.35.Zc LIQUID EJECTOR Sound wave

Jyunichi Aizawa et al,, assignors to Mitsubishi Denki Kabushiki

Kaisha

29 July 2003(Class 34746); filed in Japan 30 November 2000

Ejection of a liquid, as in an ink jet print head, is produced by im- Yo [
pingement of an acoustic wave on a thin film of the liquid. A transducer
injects an essentially longitudinal wave in a waveguide that has an appro- Estlmatlon EStlmathﬂ
priate shape, such as a paraboloid of revolution, which focuses the energy ol posmon 10a10b posmon
the liquid film.—EEU

| | | | > x
o o+ ® x_l xo xl xZ « . .

received at additional location§—1 and X2. The proposed procedure is
intended to create a phantom array that is more directional than the actual
6.603.118 array through electronic processing. Acoustical bootstrapping?—GLA

43.35.Zc ACOUSTIC SAMPLE INTRODUCTION FOR
MASS SPECTROMETRIC ANALYSIS

. . . . 6,546,106
Richard N. Ellson and Mitchell W. Mutz, assignors to Picoliter

Incorporated ) 43.38.Ja ACOUSTIC DEVICE
5 August 2003(Class 250289); filed 14 February 2001
The salient portion of the devices described in this patent consists of Henry Azima, assignor to New Transducers Limited
an ejector, which consists of an acoustic radiation generator and a means for 8 April 2003 (Class 381152); filed in the United Kingdom
focusing the acoustic energy at a point near the surface of a small fluid 2 April 1998

sample. —EEU A flat loudspeaker with favorable frequency characteristics is formed
from a panel with suitably selected edge restraints and distributed ribs that
divide the panel into subpanels of different areas, thicknesses, and
damping.—EEU

6,603,241

43.35.Zc ACOUSTIC MIRROR MATERIALS FOR

ACOUSTIC DEVICES 6,592,375

) 43.38.Ja METHOD AND SYSTEM FOR PRODUCING
Bradley Paul Barber et al, assignors to Agere Systems, ENGINE SOUNDS OF A SIMULATED VEHICLE

Incorporated
5A t 2003(Cl 31¢335); filed 23 May 2000 . . .
ugus (Class 310635; file ay Michael L. Henry et al, assignors to Midway Games West
This patent is directed at bulk acoustic wave devices, primarily as used Incorporated
in cellular, wireless, and fiber-optic communications. Acoustic wave devices 15 July 2003(Class 43462); filed 9 February 2001
typically can be made much smaller than corresponding devices based on -
In a computer controlled arcade driving game, the gamer must be
electromagnetic waves. An acoustic mirror according to this patent in es-

upplied with ample realistic exhaust sounds. The solution, say this patent’s
sence consists of a substrate which supports alternating layers of materials
apthors, is to place a loudspeaker at the end of a tube located underneath the
with high and low acoustic impedance. The impedance mismatches desiret

here are in the range of about 10:1 to 6000:1 and are obtained by use § ]eat Since the authors belleve that the tube “focuses the sound much like a
. . I real engine exhaust pipe,” it belies a fundamental misunderstanding of the
specific materials cited in the patent—EEU

nature of automobile acoustics. For what the authors really want, they would
do better to use a big power amplifier and even larger loudspeakers.—MK

6,600,824
43.38.Hz MICROPHONE ARRAY SYSTEM

6,597,794

43.38.Ja PORTABLE ELECTRONIC DEVICE

Naoshi Matsuo, assignor to Fujitsu Limited HAVING AN EXTERNAL SPEAKER CHAMBER
29 July 2003(Class 38192); filed in Japan 3 August 1999

Some readers, including this reviewer, will find the explanation of this
invention hard to follow. Suppose we have four people seated across the Hewlett—Packard Developmgnt Company, L.P.
width of a table in a teleconferencing studio. In this situation, any talker can 22 July 2003(Class 381333); filed 23 January 2001
be identified in terms of the lateral angle from the camera to the source. The A small portable computer usually sits on little feet, partly to provide
distance is assumed to be long enough that a plane wave impinges on mientilation to the underside of its case. The backwave from the device's
crophones at locations0 and X1 near the camera. One might measure the loudspeaker might also be vented into this space. The invention adds some
relative phase of the two microphone signals and use this information tdittle ridges(acoustical damso enhance low-frequency energy. Well, if the
steer the array. Instead, the patent goes through a lengthy mathematicedmputer is set on a perfectly flat, nonabsorptive surface that somehow
analysis of sound pressure and velocity to compute the signals that would bmakes an airtight seal with the acoustical dams, it just might work.—GLA

James R. Cole and Andrew L. Van Brocklin, assignors to
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6,597,795 6,600,938
43.38.Ja DEVICE TO IMPROVE LOUDSPEAKER 43.38.Ja VIBRATION ACTUATOR AND MOBILE
ENCLOSURE DUCT COMMUNICATION TERMINAL
Stephen Swenson, assignor. to Stephen Swenson Fumihiro Suzuki, assignor to NEC Tokin Corporation
22 July 2003(Class 381349); filed 25 November 1998 29 July 2003(Class 458567): filed in Japan 17 May 1999

In a vented loudspeaker box, the vent tunnel is slotted or perforated,

. . . L In a cellular phone or pager, inertia transdud®is normally mounted
...Increasing the duct impedance of the loudspeaker which improves transa_ | " : dible vibrati in th f
mission of the low-frequency waves to the exterior of the loudspeaker en= irectly to case walk9, generating audible vibrations in the manner of a

closure.” In the real world such slots introduce losses that can substantiallf!ning fork. This patent suggests that greater acoustic output can be obtained
attenuate vent output.—GLA

37
33 15a
6,597,797
13 17 13a\ 21a} 21 1? 31 5
43.38.Ja SPHERICAL LOUDSPEAKER SYSTEM 29 39
WITH ENHANCED PERFORMANCE 35
17a .70 y VI
Robert W. Betts, assignor to Sonic Systems, Incorporated 41 \ 23
22 July 2003(Class 381366); filed 20 June 2000 e /—45
This is complementary to United States Patent 6,603,862, also re- 43 \\ 51
viewed in this issue. Upward firing loudspeak faces reflecto23. The i N {
reflector has a special sculpted shape, a little like an orange juicer, intende(V AL /IS 4 8 /)
47 47 49

by mounting the vibrator to platél which in turn drives Helmholtz reso-
nator 51. A double-chamber version is included in the six embodiments
described.—GLA

21 6,603,862

43.38.Ja SPHERICAL LOUDSPEAKER SYSTEM

Robert W. Betts, assignor to Sonic Systems, Incorporated
5 August 2003(Class 381336); filed 25 October 1999

This patent complements United States Patent 6,597,797, reviewed

above. The general configuration shown has enjoyed commercial success for
/ a number of years. This latest patent describes the shape of re@&ctor
292 detail and discloses a mathematical formula that defines its contour. The
£0 26 23

to provide uniform hemispherical distribution of high-frequency energy. The
patent assures us that this goal has been achieved but no test results a
shown.—GLA

6,600,400

43.38.Ja ELECTROMAGNETIC ELECTRO-
ACOUSTIC TRANSDUCER

Kimihiro Andou et al, assignors to Matsushita Electric Industrial
Company, Limited 22
29 July 2003(Class 33%252); filed in Japan 7 September 1999

A simple electromagnetic transducer as used in cellular phones and 20
pagers consists of a diaphragm, a magnet, and a coil. One might wondeombined geometry of the reflector and spherical enclog@res said to
what could be achieved with further complications. The patent explains inresult in an optimum combination of horn loading, reflection, and diffrac-
detail that a number of improvements can be realized if the ceramic magnejon. “This ideal condition is known as maintaining a linear coupling coef-
is formed from a combination of a hard magnetic material and a soft madficient through exponential expansion."—GLA
netic materia.—GLA

1
180°

)
180°
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6,603,863 6,593,807

43.38.Ja HEADPHONE APPARATUS FOR 43.38.Lc DIGITAL AMPLIFIER WITH IMPROVED
PROVIDING DYNAMIC SOUND WITH VIBRATIONS PERFORMANCE
AND METHOD THEREFOR

William Harris Groves, Jr. and Arthur Alan Aaron, both of

Atsushi Nagayoshi, assignor to Matsushita Electric Industrial Arlington, Massachusetts
Company, Limited 15 July 2003(Class 33010); filed 10 December 2001
5 August 2003(Class 381380); filed in Japan 25 December 1998 Class D switching amplifiers are finding steadily increasing commer-

Old-fashioned headphones were supported by a headband on top of tiial applications, particularly in powered loudspeaker systems. This patent
user’s head, like a hat. Newer lightweight units are mounted to a yolk thaincludes a concise, clearly written summary of the conflicts between a prac-
hangs beneath the user’s chin. Suppose that the yolk were positioned behitigal clock speed and high-quality performance. The circuit shown splits a
the user’s head instead, and suppose that it housed a vibration generator tigigital audio signal into packets of higher and lower significant bits which
rested on the user’s neck. Mmmm, feels good.—GLA

6,604,602 sossrmens |

43.38.Ja SEPARABLE SPEAKER COVER BOX ’ [
CONTAINING SPEAKER SYSTEM g B

Chae Yong Kim, Ontario, California
12 August 2003(Class 181199); filed 30 September 2002 et

A conventional, wide-range speaker is fine for listening to classical oo
music, but suppose you also want to listen to bass-pounding rock and roll? Tc é,,
meet both requirements this invention provides a detachable front chambe!
that converts the wide-range speaker into a tuned bandpass system.—GLA

6,606,390
43.38.Ja LOUDSPEAKERS are then processed separately. The two output stages operate at the same
clock frequency, but are time-division multiplexed. The combined signal is
Henry Azima, assignor to New Transducer Limited summed and averaged through a conventional reconstructior2fiitesfore
12 August 2003(Class 381152); filed in the United Kingdom interfacing with the loudspeaker.—GLA
13 October 1998
The invention is a unitized panel form loudspeaker intended to repro- 6,591,526

duce mid and high frequencies. Enclos@reupports electrodynamic exciter
5 which drives pane9 to generate bending waves. Small additional masses43-38-Md AUDIO-CAPABLE PHOTO ALBUM

Charles A. Garrett, Six Mile, South Carolina
15 July 2003(Class 4@455); filed 18 June 2002

Basically, put a DSP microprocessor in the spine of a 3-ring photo
binder. Add a microphone and speaker and you can now annotate a collec-
tion of photographs. The author doesn’'t address how to synchronize the
pictures with the annotations or the explosion of digital photography—the
latter renders this invention obsolete from the start.—MK

6,597,928

43.38.Md PORTABLE TELEPHONE MARACA
WHICH PRODUCES MUSICAL TONES IN
SYNCHRONIZATION OF THE SWINGS AND
VIBRATION OF THE USER

Shuhei Ito, assignor to Yamaha Corporation
22 July 2003(Class 45%567); filed in Japan 25 January 2000

Your cellular telephone is really a maraca. So says the inventor at
Yamaha. All you need to add is a vibration sensor and a sound synthesis
algorithm and you'll be ready to salsa.—MK

(
N\
)

15 6,600,700
43.38.Md DIGITAL AUDIO DISC RECORDER

3 Kazuhisa Machida et al,, assignors to Denon, Limited

17 may be located to control unwanted resonances. The patent document 29 July 2003(Class 36980.19; filed in Japan 16 November 1999

includes a frequency response curve that shows relatively smooth response On occasion, a patent is filed to protect a specific embodiment as
from about 250 Hz to beyond 20 kHz.—GLA opposed to an idea or concept. Denon’s patent sketches the hardware and
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software architecture of a digital audio workstation designed specifically for...a resulting pressure wave delivers the preferred input acoustic flow am-
broadcast use. The novelty is nonexistant and the prior art search was peititude to the load when the acoustic driver is operating approximately at the
formed only by the examiner.—MK operating resonant frequency, the preferred stroke, and the preferred stroke

6,605,765 amplitude."—GLA
43.38.Md ACOUSTIC GUITAR WITH INTERNALLY 6,597,792
LOCATED CASSETTE TAPE PLAYER 43.38.Si HEADSET NOISE REDUCING

William A. Johnson, Arab, Alabama Roman Sapiejewski and Michael J. Monahan, assignors to Bose
12 August 2003(Class 84267); filed 18 January 2002 Corporation

22 July 2003(Class 38171.9); filed 15 July 1999

This patent both overstates and underspecifies the obvious. Clearly you
could put a cassette tape recorder and player inside the body of a guitar—but ~ The illustration is a cross section through one earpiece of a Bose
in this day when tapes of all kinds are a vanishing species, this makes theoise-cancelling headset. Two novel features are disclosed in this short
patent already look antiquated.—MK patent. First, perforations in the skin of ear cushidneffectively increase

6,604,363

15

43.38.Pf MATCHING AN ACOUSTIC DRIVER TO AN "
ACOUSTIC LOAD IN AN ACOUSTIC N . °
RESONANT SYSTEM s . "

John A. Corey and Jerry Martin, assignors to Clever Fellows / e o

Innovation Consortium; Mesoscopic Devices EAR
12 August 2003(Class 626); filed 19 April 2002 CUSHION \\\ 1A
N\

The invention has to do with pulse-type cryocoolers and the like which ‘Q’gf;ﬂ,@%‘"
operate at a fixed resonant frequency. If such a system combines indeper COVER
dently designed drivers and loads, it is unlikely that all conditions for opti- DRIVER
mum operation will be met. The patent explains how a properly sized PLATE

matching volume28 can be inserted between driveéand load6 such that

the internal volume of earcupl. Second, wire mesh scred3 acts as an
acoustic load that reduces the effects of resonances inside the earcup.—GLA
6~ 6,597,791
43.38.Vk AUDIO ENHANCEMENT SYSTEM
14 Arnold I. Klayman, assignor to SRS Labs, Incorporated
1 22 July 2003(Class 3811); filed 15 December 1998
SO 3
2
SEIZ/K
b el In a two-channel stereo system, the apparent source width can be
18 increased by increasing the relative level of the difference signal. This effect
‘( has long been known and forms the basis for many stereo enhancement
10 N t N circuits. The inventor’s earlier patents disclose “critically acclaimed” tech-
—— niques for filtering sum and difference signals in relation to human auditory
28~ 32 characteristics. This latest “award winning” update is mainly concerned
12\ |_—3€ 0
4
34 z 36 &\/ 60
d\3 \% LEWL_ ” 3 ” / LEFT
N ADJUST / ouT
16\ % 2% //% d
28 9 V/ %
15 IV 30 ';g// 7L 15
ﬂ // 4< q 20
77 N Ao v
8 — — " 7 w . % a2
] : oy
Vo 4
N
] N [ \
26 Eﬂéﬁ AN . 26

with computer gaming applications that require small, simple, inexpensive

circuitry. High-pass filter28 and30 attenuate low-frequency components in
2226 /,\ 26 22 the difference signal. Equalizd consists of separate low-pass, high-pass,
I and attenuation sections. Their combined effect produces a broad bump at
24 20 24 125 Hz followed by a dishout centered near 2 kHz and then a steadily rising

characteristic that tapers off above 10 kHz.—GLA
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6,591,949 for treating postural instability due to, for example, the onset of senile sar-
copenia. Diagnosis under the earlier patent is established by noninvasively
43.40.Jc IMPACT ENERGY ABSORBING MEMBER measuring and analyzing the vibrational characteristics of the musculoskel-

etal system. The present patent seeks to provide a noninvasive method of
Akihiko Kitano et al, assignors to Toray Industries, Incorporated ~ treating the patient. This entails) providing a vibration table having a
15 July 2003(Class 188371); filed in Japan 17 December 1999 nonrigidly supported platform(o) having a patient rest on the platform for
. . . . a predetermined period of time, arfid) repeating step&) and (b) over a
The energy of an impact, such as occurs when vehicles collide, ISbredetermined treatment duration. In step a vibrational response of the

aEsorE_ed by relztlvely Ilgh:)mtke’mbderz ma?e ?jf flber;]relpfolrlce;j re5|rt1_. Enerfg)gatient’s musculoskeletal system is measured and analyzed into specific vi-
absorbing members may be bonded or fixed mechanically to portions of g 44iong| spectra in order to evaluate the postural stability. The predeter-

vehicle where impact protection is desired —EEU mined period of exposure is approximately ten minutes and the treatment
duration is said to be at least four weeks.—DRR

6,591,681
43.40.Le NONDESTRUCTIVE INSPECTION 6,547,049
APPARATUS FOR INSPECTING AN INTERNAL
DEFECT IN AN OBJECT 43.40.Tm PARTICLE VIBRATION DAMPER
Takashi Shimadaet al, assignors to Mitsubishi Denki Kabushiki Geoffrey R. Tomlinson, assignor to Rolls-Royce plc
Kaisha 15 April 2003 (Class 18&379); filed in the United Kingdom
15 July 2003(Class 73600); filed 22 April 2002 5 November 1999

A magnetostrictive driver and a vibration sensor are pushed againstthe ~ One or more chambers are partially filled with many small particles.
surface of a concrete element that is to be inspected. The apparatus includééen this damper is attached to a vibrating object the particles impact
means for providing the pushing forces and for measuring these. Its datdgainst each other and against the chamber wall, thus removing energy from
processing accounts for the effects of these forces. The vibrator producest€ primary vibration —EEU
“chirp” wave with continuously time-varying frequency, and the apparatus’
signal processing section determines the distance to an internal defect by
det_ectir_lg the envelope of the reflected signal and using previously stored 6,547,294
calibration data.—EEU

43.40.Tm SHOCK ABSORBING CONSTRUCTION

6,607,497 FOR MOTORCYCLES
43_40_Ng NON-INVASIVE METHOD FOR TREATING Kazuhiro Yamamoto, assignor to Honda Giken Kogyo Kabushiki
POSTURAL INSTABILITY Kaisha
15 April 2003 (Class 293105); filed in Japan 27 December 2000
Kenneth J. McLeod and Clinton T. Rubin, assignors to The A shock absorber intended to cushion front or rear impacts on a mo-
Research Foundation of the State University of New York torcycle consists of a boxlike attachment that is made of plastic and filled
(SUNY) with foam. A grillage of ribs within the plastic box provides strength and
19 August 2003(Class 600595); filed 18 December 2000 controlled collapse.—EEU

This patent, essentially a follow up of United States Patent 6,234,975
[reviewed in J. Acoust. Soc. Ani10(6), 2830(2001)], discloses a method

A 6,547,526
AU

f('\{ 43.40.Tm ARTICLE HAVING DAMPENING MEMBER
! INSTALLED INTO AN IMBEDDED CAVITY

| Boeing Company
15 April 2003 (Class 416190); filed 3 July 2001

This patent pertains primarily to the damping of turbine blades. One or
18 more circumferential cavities extend through the tips of all of the turbine
blades and contain loosely fitting rings. Friction between these rings and the
o o cavity surfaces damps the blade vibrations.—EEU

/_’ \_4)
f ;/ i Thomas J. Van Daam and Timothy J. Hosking, assignors to The
N

-

RN

’\
o
[

6,550,440

43.40.Tm ACOUSTIC SUPPRESSION
ARRANGEMENT FOR A COMPONENT
17 UNDERGOING INDUCED VIBRATION

Gary Allan Vrsek et al,, assignors to Ford Global Technologies,
LLC
22 April 2003 (Class 123184.6)); filed 17 January 2002

Automotive engine components, such as intake manifolds made from
polymeric materials, are friction-damped via elements that are snap-fit onto
them.—EEU
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6,550,868 6,566,774
43.40.Tm DAMPER PLATE FOR AUTOMOBILE 43.40.Tm VIBRATION DAMPING SYSTEM FOR ESP
WHEEL MOTOR
Yuichi Kobayashi and Takumi Sekiguchi, assignors to The Larry James Parmeter and Dick L. Knox, assignors to Baker
Yokohama Rubber Company, Limited Hughes Incorporated
22 April 2003 (Class 3016.99); filed in Japan 12 December 2000 20 May 2003(Class 31@90); filed 9 March 2001

A disc made of a lamination of steel and elastomeric plates is inserted This patent describes fluid film bearings for use on electric submers-
between an automobile wheel and its axle in order to improve ride comforiple pumps with vertical shafts. Lubricating fluid is supplied under pressure
and reduce interior noise. —EEU to lubricate and replenish the fluid film between the inner, rotating bearing

sleeve and the outer, stationary sleeve insert.—EEU

6,551,057
43.40.Tm DAMPED TORQUE SHAFT ASSEMBLY

Frederic G. Haaseret al, assignors to General Electric Company 6,567,212

22 April 2003 (Class 415119); flle.d 22 November 1999 ' 43.40 Tm VIBRATION DAMPING DEVICE FOR
The torque shaft assembly to which this patent pertains is a shaft th ICROSCOPES AND MICROSCOPE WITH

is used to adjust the stator vanes on gas turbine engines. This shaft is n
part of the rotating assembly, but actuates the stator vans via connectinﬁ VIBRATION DAMPING DEVICE
elements. In order to limit the vibrations of the torque shaft, it is made in the
form of a hollow tube that is filled with a granular material. A 98%-by- Johann Engelhardt and Rafael Storz, assignors to Leica
volume filling of steel shot is preferred. —EEU Microsystems Heidelberg GmbH
20 May 2003(Class 359368); filed 16 August 2000

The device described here consists in essence of a mass that is con-

6.554.112 nected via foam rubber to an optical microscope’s structural element whose
’ ’ vibration is to be reduced. Typical structural elements are the sample stage
43.40.Tm VIBRATION-DAMPING DEVICE FOR of an upright microscope or the resolver of a confocal microscope. In many

cases the vibrations of concern are those produced by motors that actuate the
stages or focusing devices.—EEU

VEHICLE

Rentaro Kato et al, assignors to Tokai Rubber Industries, Limited
29 April 2003 (Class 188379); filed in Japan 8 September 2000

The devices described here in essence consist of metal cups in which
metal balls can rattle when the assembly is subjected to vibrations. The balls
are coated with rubber, as are some of the interior surfaces of the cups. On 6,567,265
some cup surfaces, the rubber elements are supported only at their edges so

that they tend to act as relatively soft springs, resulting in low natural fre-43.40.Tm APPARATUS HAVING FLEXIBLE

quencies for the affected ball rattling.—EEU MOUNTING MECHANISM
Toshiki Yamamura et al,, assignors to Matsushita Electric
6,565,061 Industrial Company, Limited
20 May 2003(Class 361685); filed in Japan 20 November 1995
43.40.Tm RADIAL SNUBBER FOR VIBRATION A portable recording or playback device that needs to be protected
ISOLATOR against vibration is placed into a housing and isolated from that housing.

This housing, in turn, is inserted into a second housing, again with inter-
Mark Edward Petersen and William P. Adkins, Jr., assignors to posed vibration isolation. The two isolation systems are designed to have
Honeywell International Incorporated different characteristics.—EEU
20 May 2003(Class 248639); filed 28 September 2000

In an isolator that is intended to act primarily in the radial direction, an
inner cylindrical metal element is connected to an outer ring-shaped element
via an elastomeric element in the shape of a conical shell. Snubbing of radial
motions is provided by an added disc-shaped elastomeric element connect-
ing the inner element to the outer element.—EEU 6,568,666

43.40.Tm METHOD FOR PROVIDING HIGH
VERTICAL DAMPING TO PNEUMATIC ISOLATORS

6,565,446 DURING LARGE AMPLITUDE DISTURBANCES
43.40.Tm ELASTIC SHAFT JOINT OF ISOLATED PAYLOAD
Shoji Oka and Takahiro Minamigata, assignors to NSK Limited Worthington B. Houghton, Jr., assignor to Newport Corporation
20 May 2003(Class 46489); filed in Japan 11 June 1998 27 May 2003(Class 267136); filed 13 June 2001

This patent pertains to a resilient element that is to be included in a This patent describes an advanced design of an air-spring isolator or
universal joint in order to limit the transmission of axial vibrations. The “air leg.” Damping is achieved by means of suitable gaps between coupled
design is said to be simple and inexpensive.—EEU air volumes.—EEU
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6,569,509 6,585,902
43.40.Tm ULTRALIGHT, SOUND AND SHOCK 43.40.Tm NON-HOMOGENEOUS LAMINATE
ABSORBING COMPONENT SET MATERIAL FOR SUSPENSION WITH VIBRATION
DAMPENING

Thorsten Alts, assignor to Rieter Automotive (International) AG
27 May 2003(Class 42873); filed in Switzerland 9 January 1998 Victor Wing —Chun Shum and Randall George Simmons,

This patent describes a panel configuration intended for use in auto- assignors to International Business Machines Corporation

mobile interiors. A typical panel consists of an acoustically absorptive cov- 1 July 2003 (Class 21613); filed 27 February 1999

ering layer atop a crushable layer, such as honeycomb, mounted on a base ) . ) .

layer. The crushable layer is intended to absorb shocks in impacts; adjacent Th's paten.t relates in ge.neral. to integrated Iead' suspensions for hard

air spaces in that layer are interconnected to enhance the acoustic absorptl%'ﬁk der_es, which gre esse_ntlally in t_he form of cantllgver beams. _A lead

performance of the assembly.—EEU suspension according to this patent is made from a five-layer laminate of
stainless steel, polyimide, and copper. The steel layer has preformed voids in
order to weaken the high-strain flexure areas, thereby increasing the energy

dissipation capability of the suspension.—EEU

6,575,037

43.40.Tm MULTIPLE DEGREE OF FREEDOM

VIBRATION EXCITING APPARATUS AND SYSTEM 6,588,554
Yasuyuki Momoi et al., assignors to Hitachi, Limited 43.40.Tm VIBRATION DAMPING APPARATUS
10 June 2003(Class 73633); filed 25 July 2001 USING MAGNETIC CIRCUIT

This patent very obscurely describes an apparatus for exciting a test
structure in two translational degrees and one rotational degree of freedom e
in a plane. The apparatus consists of three actuators and collocated force and Limited
motion sensors plus a computational and control system. The system tests 8 July 2003(Class 188267); filed in Japan 15 November 2000
part of the structure, calculates the desired motion for an added part of the  This vibration isolator is configured essentially like a piston that is
structure, and couples the results to determine the excitation of the comg|atively free to move axially in a cylinder. Motion in the axial direction is
bined structures. —EEU countered by an axial coil spring, with damping at small amplitudes pro-

vided by interacting rings of permanent magnets that are attached to the
piston and cylinder portions. Damping at larger amplitudes is provided by a
viscous fluid that is forced through a series of shaped passages between the
circumference of the piston and the inside of the cylinder. The piston shaft is
6.578.836 guided by an elastomeric bushing, which provides some resilience in the
’ ’ presence of nonaxial disturbances.—EEU

Etsunori Fujita et al, assignors to Delta Tooling Company,

43.40.Tm SHOCK ABSORBER FOR AUTOMOBILE

Tomohiko Kogure et al, assignors to The Yokohama Rubber
Company, Limited
17 June 2003(Class 267152); filed in Japan 14 December 2000

This shock absorber consists of a steel coil spring on the ends of which

there are located plates of laminated elastic layers. These layers have th?iBAO.Tm VIBRATION ISOLATION DEVICE AND

peak loss factors in different frequency ranges encompassing several of t
spring’s natural frequencies.—EEU WETHOD

6,595,483

John Cunningham, Saratoga Springs, New York
22 July 2003(Class 248609); filed 16 February 2001

Isolation is provided by a flexible member that is supported on pivots
via low-friction sleeves85. The natural frequency of the arrangement may

6,585,240

43.40.Tm VIBRATION RELIEF APPARATUS AND
MAGNETIC DAMPER MECHANISM THEREFOR

Etsunori Fujita and Yasuhide Takata, assignors to Delta Tooling
Company, Limited
1 July 2003 (Class 267136); filed in Japan 19 August 1999

This patent appears to pertain primarily to seats in automobiles and
other conveyances. It consists in essence of a mechanical linkage that use \ 88 i 87
springs and levers to obtain a very small effective stiffness in the vertical 87
direction over a significant range of excursions. Damping is obtained bype changed by adjusting the distance between pivots by making use of a
permanent magnet eddy current devices attached to parts that move relatigeries of slot$7, 88, and by modifying the tension in the axial springs.—
to each other—EEU EEU

J. Acoust. Soc. Am., Vol. 115, No. 2, February 2004 Reviews of Acoustical Patents 453



SOUNDINGS

6,598,545 6,590,639
43.40.Tm VIBRATION DAMPER FOR OPTICAL 43.40.Vn ACTIVE VIBRATION ISOLATION SYSTEM
TABLES AND OTHER STRUCTURES HAVING PRESSURE CONTROL
Wacheslav M. Ryaboy and Worthington B. Houghton, Jr., Bausan Yuanet al, assignors to Nikon Corporation
assignors to Newport Corporation 8 July 2003 (Class 35575); filed 15 September 2000

29 July 2003(Class 108136); filed 10 April 2001 This patent relates particularly to isolation systems used in photoli-

An optical table in essence consists of two parallel flat face platesthography processing. The isolation arrangement described here consists of
assembled so that they are at some distance from each other. The presentombination of a pneumatic system and an electrodynamic system acting
patent describes a series of small plates that are mounted around the edgeschanically in parallel. The pneumatic system in effect is an air-spring,
of the primary plates and perpendicular to them. Some of these small plateshose pressure is sensed and controlled via a processor in a feedback loop,
are attached only to the upper face plate, and some only to the lower faceombined with a feed-forward signal derived from the motion of the isolated
plate, with plates from the two sets near each other and interconnected viaraass. The electrodynamic system similarly uses an actuator that acts on the
layer of viscoelastic material. As the table flexes, the small plates tend tonass as directed by a controller, which receives feedback and feed-forward
move relative to each other, so that the layer is deflected in shear, thusignals from mass motion and position sensors.—EEU
damping the flexural motion.—EEU

6,598,885

43.40.Vn SINGLE VALVE CONTROL OF DAMPING
AND STIFFNESS IN A LIQUID SPRING
6,598,718 SYSTEM

43.40.Tm VIBRATION DAMPING DEVICE HAVING A . . o .
Damon Delorenziset al., assignors to Liquidspring Technologies,
FLOCK COATING Incorporated

o ] ) 29 July 2003(Class 2805.50%; filed 23 October 2001
Rentaro Kato and Koichi Maeda, assignors to Tokai Rubber o ) o R ) )
Industries, Limited Liquid springs, which in essence are liquid-filled cylinder/piston shock

29 July 2003(Class 188378); filed in Japan 30 March 2001 absorbers, can proyide both flexibility an_d damping. Control of liquid flow
) ] ) to and from the spring’s chambers permits adjustment of these parameters.
This patent pertains to dampers of the impact type, where a mass ighe present patent describes an automotive suspension system that makes
essentially free to rattle within a somewhat oversized cavity. Here, one o[;se of liquid springs, where the spring characteristics during jounce and

more of the interacting surfaces is provided with a flocked coating, whichrepound are controlled on the basis of signals from height, speed, and steer-
absorbs some of the energy associated with the rattling impacts.—EEU g wheel position sensors.—EEU

6,600,987
43.40.Vn APPARATUS AND METHOD FOR
6,599,439 DETERMINING A ROAD-WHEEL VIBRATION OF
43.40.Tm DURABLE MAGNETORHEOLOGICAL AUTOMOTIVE VEHICLE, AND APPARATUS
FLUID COMPOSITIONS AND METHOD FOR ANTI-SKID CONTROL USING
THE SAME
Vardarajan R. lyengar and Robert T. Foister, assignors to Delphi
Technologies, Incorporated Nobuyuki Ohtsu, assignor to Unisia Jecs Corporation
29 July 2003(Class 25262.52); filed 14 December 2000 29 July 2003(Class 70171); filed in Japan 29 June 2000
Magnetorheological fluids are suitable for use in controllable vibration In this anti-skid braking system, the pressure provided to each brake

attenuation devices. This patent describes long-term durable fluids coneylinder is controlled on the basis of measured oscillations of the wheel

prised of mechanically hard magnetizable particles in a specific carriespeeds. A sensor measures the speed of each road wheel and a calculating

fluid.—EEU unit determines the accelerations and decelerations of each wheel during
pressure application and release cycles. By comparing the measured vibra-
tions with predetermined threshold values the unit determines whether the
wheel vibration is caused by drive train vibration or by the road surface
conditions and causes skid control to be actuated accordingly.—EEU

6,604,735
43.40.Tm ELASTOMER VARIANTS

6,543,620
43.40.Yq SMART SCREENING MACHINE

Trevor J. McCollough and Robert James Monson, assignors to
Lockheed Martin Corporation Daryoush Allaei, assignor to Quality Research, Development &
12 August 2003(Class 267140); filed 29 November 2001 Consulting, Incorporated

The title of this patent fails to indicate that the subject is a modular 8 April 2003 (Class 20%365.3); filed 23 February 2001
shock isolator, where a module essentially consists of a plate to which there  Distributed electrically controlled transducers are used to vibrate a
is attached a relatively thin-walled elastomeric trapezoidal element. Thescreen used for separation of materials. This concept is said to result in
latter tends to collapse, at least partially, in the presence of a load that actereens that are smaller and less noisy than conventional ones. It also per-
perpendicular to the base plate. Modules can be used in various mechaniaaits automatic detection of clogging and adjustment of the transducers to
series and parallel arrangements.—EEU provide unclogging.—EEU
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6,545,762 one end, with a mass attached at the other end. The test apparatus recipro-
cates at the excitation frequency. Accelerations are recorded at each end of

43.40.Yq METHOD OF INVESTIGATING the specimen. The Young's modulus is computed from the accelerations.
VIBRATIONS AND AN APPARATUS THEREFOR The specimen is then attached to a reciprocating rotational test apparatus at

one end, with a rotational intertial mass positioned at the other end. Accel-
erations are recorded while subjecting the specimen to rotational reciproca-

Harvey Lewis and Andrew Rogoyski, assignors to Logica UK - o .
y 9oy 9 9 tions at the excitation frequency. The shear modulus is computed from these

Limited
8 April 2003 (Class 35@502); filed in the United Kingdom 17 April accelerations. Poisson’s ratio can then be calculated from the Young’s modu-
2000 ' lus and the shear modulus at the excitation frequency.—DRR

As in other laser vibrometers, light from a laser is split, with part being
directed at the test object and part being mixed with light reflected from the
object to create an interference signal. The latter is processed to derive a
signal representing the object’s vibrations. Unlike other laser vibrometers, 6,550,574
which do not work in the presence of bulk motion of the test object, the
system described in this patent derives an estimate of the frequency of t#3.50.Gf ACOUSTIC LINER AND A FLUID
bulk movement from the observed signal and uses this frequency to reduPpRESSURIZING DEVICE AND METHOD UTILIZING
the bandwidth of the observation, so as to limit the interference from theSAME
bulk motion.—EEU

Zheji Liu, assignor to Dresse—Rand Company
6,590,832 22 April 2003 (Class 181286); filed 21 December 2000

43.40.Yq VIBRATOR AND METHOD OF EXPLORING Inorderto obtain quieter centrifugal compressors, adisc-shaped liner
o consisting of an array of Helmholtz resonators is installed near the compres-
A MATERIAL MEDIUM BY MEANS OF VERY

sor’s exit volute. This liner, which must be rugged, in essence consists of a

LOW-FREQUENCY ELASTIC VIBRATIONS plate into which there are drilled a number of large-diameter holes that do
not extend entirely through its thickness, with a number of smaller holes
Jean-Claude Dubois and Marc Becquey, assignors to Institut drilled through the remaining thickness.—EEU

Francais Du Petrole
8 July 2003 (Class 36792); filed in France 1 February 2000

This patent pertains to seismic prospecting and similar applications. A
sinusoidal force generator acts on the surface of the ground via at nonlinear
spring element, resulting in injection into the ground of a signal with at least

6,604,603
two frequency components. These frequencies can be varied within certai
ranges by adjustment of the driving frequency. The sum and different:e‘ri"')"50'Gf SOUNDPROOFING FOR INSULATING

signals resulting from the injected components are sensed remotely andOUND PRODUCING DEVICES OR PARTS
correlated with the driving signals in order to extract information concerningOF SYSTEMS, ESPECIALLY DEVICES THAT

the intervening soil. —EEU TRANSMIT VIBRATIONS SUCH AS VIBRATORS
Anton Wirth, assignor to Etis AG
6,604,583 12 August 2003(Class 181200); filed in the European Patent
Office 17 December 1998

43.40.Yq VIBRATING DEVICE AND A METHOD FOR An acoustical enclosure according to this patent consists of relatively

DRIVING AN OBJECT BY VIBRATION rigid walls, possibly made of metal or wood with a rubber layer between

them, plus an interior liner. This liner consists of a relatively coarse inner-

Johan Bernard Van Randen, assignor to International most layer atop a layer of soft fiber mat material. The innermost layer is

Construction Equipment B.V. provided with multiple perforations so that sound can reach the fiber mat

12 August 2003(Class 17349); filed in the Netherlands 19 March layer with the result that good absorption is obtained over an extended
1998 frequency range. The vibrating element housed in the enclosure is supported

. . ) . - . on a soft foam layer, thereby limiting structure-borne sound transmission.
This patent pertains to a vibrator for use in driving of piles or sheet . . )
The absorptive layers on the interior walls are attached by velcro strips, thus

piling. A vibrator accordl_ng to this patent cqn5|sts (.)f two pairs O.f gear avoiding the need for connections that could constitute sound-transmitting
connected, counter-rotating unbalanced weights, with the pairs |nterconB

nected via a differential “phase shifter.” The latter permits the phase of the ridges.—EEU
motion of the two pairs to be changed, permitting adjustment of the net
force amplitude provided by the device.—EEU
6,607,625
6,609,428

43.50.Gf PROCESS FOR THE PRODUCTION OF AN
43.40.Yqg NONRESONANT TECHNIQUE FOR ACOUSTIVELY RESISTIVE LAYER, RESISTIVE
ESTIMATION OF THE MECHANICAL PROPERTIES LAYER THUS OBTAINED, AND WALL USING SUCH
OF VISCOELASTIC MATERIALS LAYER

Andrew J. Hull, assignor to The United States of America as Robert Andre et al, assignors to EADS Airbus SA
represented by the Secretary of the Navy 19 August 2003(Class 156169); filed in France 24 December 1999

26 August 2003(Class 73789); filed 19 January 2001 This patent describes a process for producing a monolithic acoustical

This is a method for estimating the real and imaginary Young’s modu-shield assembly, as for the nacelles of aircraft jet engines. The process starts
lus, shear modulus, and Poisson’s ratio of a specimen at an excitation fravith a structural component of thermoplastic resins that have an open sur-
quency. The specimen is first mounted onto a reciprocating test apparatus faice and that are connected to an open metallic mesh. The openings in the
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. . 22-1 6,596,389

/// 43.55.Ev FOAMED COMPOSITE PANEL WITH
IMPROVED ACOUSTICS AND DURABILITY

Chester W. Hallett et al, assignors to AWI Licensing Company
22 July 2003(Class 428317.9; filed 17 October 2000

This acoustical panel is formed with additives that induce voids evenly
within the panel. This allows the panels to achieve very high sound absorp-
tion properties without the need for additional surface perforations. The
panels also maintain a very high surface hardness. These additives are com-
bined in a wet or dry form by the use of a high-intensity mixer that agitates
and aerates the mixture to create an aerated slurry.—CJR
mesh are adapted to the open surface of the structural component. Polymer-
ization of the resins under pressure and at high temperature bond the ele-
ments into one skin.—CJR

6,598,636 6,601,673

43.50.Lj METHOD FOR FIXING A RING MADE OF A 43.55.Ev SOUND ABSORBING STRUCTURE
SOUND-ABSORBING MATERIAL ON A RIM Atsushi Murakami et al., assignors to Nichias Corporation
AND MOTOR VEHICLE WHEEL HAVING A RING 5 August 2003(Class 181293); filed in Japan 6 September 2000

MADE OF SOUND-ABSORBING MATERIAL A finely perforated film is laminated onto a foam absorber. Then a

FIXED ON THE RIM perforated face is used to protect the foam. The size of the perforations of

B the barrier facing and the thickness of the foam determine the frequencies at

Oliver Schurmann et al, assignors to Continental which the absorber is most effective. The structure would be used to absorb
Aktiengesellschaft sound from an automobile engine or the like.—CJR

29 July 2003(Class 152450); filed in Germany 29 April 1998

This patent describes placement of a ring of sound-absorbing material
on the rim of a tire, inside of the tire. A series of threads is used to fasten the
ring to the rim, in order to keep it in place in the presence of the centrifugal

forces.—EEU
6,594,964
6,543,719 43.55.Ti GROOVED CONSTRUCTION BEAM
Gilles Charland, St-Chrysostome, Quebec, Canada
43.50.Nm OSCILLATING AIR JETS FOR 22 July 2003 (Class 52302.1); filed in the United Kingdom 15
IMPLEMENTING BLADE VARIABLE TWIST, August 2000

ENHANCING ENGINE AND BLADE EFFICIENCY, This so-called construction beafreally just a wood stud or joishas
AND REDUCING DRAG, VIBRATION, grooves on some or all of its sides. These grooves reduce surface area of
DOWNLOAD AND IR SIGNATURE contact with wall sheathing or subfloor. This, in turn, reduces transmission

Ahmed A. Hassanet al, assignors to McDonnell Douglas
Helicopter Company
8 April 2003 (Class 24417.13; filed 24 November 1998

Porous surfaces are provided on aircraft surfaces, such as rotor blade
and are driven with oscillating pressures either continually or when prede
termined flight conditions occur. These pressures control the aerodynamic
of the surfaces and are said, among other things, to be able to produc
significant reductions in the blade-vortex-interaction noise of helicopter
rotors.—EEU

6,550,332

43.50.Yw REAL-TIME NOISE SOURCE VISUALIZING
SYSTEM USING ACOUSTIC MIRROR

Myung-Han Lee, assignor to Hyundai Motor Company
22 April 2003 (Class 73583); filed in the Republic of Korea
22 November 2000

This system, used in wind tunnel tests of automobiles, employs a mi-
crophone located at the focus of a parabolic reflector. The microphone sys f4’
tem and a camera connected to it can be traversed to focus on selected areafssound and vibration and at the same time allows greater circulation of air
A display system provides color-coded sound images.—EEU to enhance thermal insulation and reduce trapped moisture.—CJR
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6,604,715 6,604,880

43.55.Vj EXTRUDED ACOUSTIC PIPE SUPPORT 43.58.Wc MOTION LIGHTING PEN WITH LIGHT
VARIABLY ACCOMPANYING SOUND ACTUATION

Samuel H. Howe, assignor to LSP Products Group, Incorporated

12 August 2003(Class 24862); filed 23 July 2001 Fang-Yue Huang and Wen-Chen Chung, assignors to Excellence
These pipe supports or straps are for acoustical isolation and vibration Optoelectronics, Incorporated

damping. They have both a foamed cushion layer and an unfoamed skin 12 August 2003(Class 401195); filed 13 June 2002

layer that have been extruded together. The supports can be attached t0 | the continuing effort to make everything in the environment sound

structural support members using nails, screws, formed wire hangers, i, these inventors have added sound to a pen. As shown, transsfiizer
other similarly effective fasteners.—CJR

30‘\
31
6,599,195 ®\ 33
43.58.Ta BACKGROUND SOUND SWITCHING 20 40
APPARATUS, BACKGROUND-SOUND SWITCHING
METHOD, READABLE RECORDING MEDIUM 22

WITH RECORDING BACKGROUND-SOUND
SWITCHING PROGRAM, AND VIDEO GAME
APPARATUS

Shigeru Araki et al, assignors to Konami Company, Limited; 10
Kabushiki Kaisha Konami Computer Entertainment Osaka
29 July 2003(Class 46243); filed in Japan 8 October 1998 11

In previously reviewed United States Patent 6,540 s&@iewed in J.  Powered by batteried0 and the principal advance, say the authors, is the
Acoust. Soc. Am.114(3), 1208 (2003], as the video game moves from USe of a cylinder20 as a resonant chambéat what frequency? Don'’t
scene to scene, the background sound changes frame synchronously. TFéget the LEDsI—MK
patent addresses the issues of fading around frame boundaries. This borders
on the(patently obvious.—MK

6,607,041
43.58.Wc POWER TOOLS

6,591,524 Hitoshi Suzuki and Masahiro Watanabe, assignors to Makita
43.58.Wc ADVERTISING ARTICLE WITH Corporation e
AUTOMATICALLY ACTIVATED FLASHER OR 19 August 2003(Class 1734); filed in Japan 16 March 2000

The days of simple, stupid power tools are over. Makita, a well-known

SOUND MODULE Japanese manufacturer, proposes sensing of impact sounds by a micropro-

Edward D. Lewis and Timothy D. Hogue, assignors to Buztronics, 30 102 104 cmoo 38

Incorpo rated i i ﬁlter circuit A 1 08

15 July 2003(Class 40324); filed 15 October 1996 O"’“?“'") — e 110

In previous reviewgUnited States Patents 6,335,60&viewed in J. : Vs etecting Impact CPU
Acoust. Soc. Am112(1), 23 (2002] and 6,478,152reviewed in J. Acoust. so['md nz
Soc. Am.1135), 2387(2003]), we have seen application of the ubiquitous : [reforence voltage € —lreference voltags
sound chip to drinking vessels of all varieties. Here, the authors propose , | generator output signa!

118
using a piezoelectric transducer to signal when the drink container is placed ™ : 113 .
in its sleeve. Then lights and/or sound can appear, supplying much needel [hammer| brake circuit ¢ signal
advertisement.—MK 115 1/0

)

22
motor driving
signal 120

signal for determining
the rotational direction

driving circuit

) 124 trigeer signal RAM
6,592,260 aLED LED fight
0 - LED light circuit signal (red)
motor rotation
43.58.Wc FLEXIBLE STORAGE BAG WITH direction switch 3% 126
AUDIBLE CLOSURE INDICATOR o rcuit e
48
Catherine Jean Randallet al, assignors to The Procter & Gamble main switch 128
memory memory
Company (EePrROM)  [¢ information
15 July 2003(Class 38364); filed 18 August 2000 130 o mraompUter
122
How do you know when a plastic bag is sealed? One manufacturer P—
offers two strips of differing colors that blend when sealed. Here, Proctor attery power supply circuit
and Gamble propose using a slider that creates pops or clicks as @essor as shown in the figure. The impact detection method proposed
seals.—MK (thresholding is particularly simple minded.—MK
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6,592,516 6,574,602
43.60.Bf INTERACTIVE CONTROL SYSTEM OF A 43.72.Gy DUAL CHANNEL PHASE FLAG
SEXUAL DELIGHT APPLIANCE DETERMINATION FOR COUPLING BANDS IN A

TRANSFORM CODER FOR HIGH QUALITY AUDIO

Ching-Chuan Lee, Taipei, Taiwan, Province of China
15 July 2003(Class 60038); filed 9 October 2001 Mohammed Javed Absaret al., assignors to STMicroelectronics
The abstract says it all: “An interactive control system of a sexual Asia Pacific PTE Limited
delight appliance having a signal receiving circuit, a sound analyzing circuit, 3 June 2003(Class 704504); filed 8 September 2000
a status signal input circuit, and a mechanism driving circuit. The signal
receiving circuit has an input port for receiving a foreign sound signal. The Described is a method of coupling channels, based on a psychoacous-
sound analyzing circuit analyzes and recognizes the received sound signal iit model of the auditory system, for obtaining data compression in a dual

terms of the volume, the tone, and the speed. The status signal input circudhannel audio encoder. Subband phase flags are determined to avoid phase
converts the analyzed sound signal into a plurality of motion signals. The

Channel o

mechanism driving circuit performs the motion signals and allows at least -—-——------ e (iow ) prrmssesemossssesoiooog
one driving device to produce motions related to the motion signals such P fl : ! s
that a doll is moved with corresponding motions. In addition, the doll has a Copled Chamele] |2 T 3 \ (Estmate)
built-in sensing feedback device to remotely control another doll at a remote A i boir Fi. 1¢ Coupling Coordingles | ] i
location via a communication net."—MK Fig. T T | IR I A g 1
! i Cou Img Channelc \
\ P b g ®————f
6,608,549 /ea«—« il s e
Pl Lgre e —
43.60.Lq VIRTUAL INTERFACE FOR CONFIGURING ——— [rg 11 Coung Cordnts | \g Ty i
| sfimate) | !
AN AUDIO AUGMENTATION SYSTEM U P ’ ”J ulh o i ;
i i ; : Fig. [ i Fig. 1i g
Elizabeth D. Mynatt et al, assignors to Xerox Corporation ir'g R AN fig. | 1 hoselags . tl :
19 August 2003(Class 3405.8); filed 31 July 1998 A R | ;
Lomomt oo | Chonnel 5 1 bomrememo oo
A virtual interface is provided that allows a user to navigate through a Encoder (iow frequencies) ! Decader
representation of a physical target area, such as an office, a classroom, ¢ | T
home environment. The system transmits information to selected end user: L L — Ny

via peripheral or background auditory cues in response to physical actions fancellation when the bands are combined. Least square error is ensured

the end users in the environment. With the use of the virtual interface, thgetween the original channel frequency coefficients at the encoder and the
user can alter the system configuration. Examples of use are signals {timated coefficients at the decoder.—DAP

indicate volume of e-malil, receipt of e-mail from a specific party such as a
supervisor, the presence or absence of a worker, lapping activity of a water 6.594.628
tank in a laboratory, etc.—DRR

43.72.Ne DISTRIBUTED VOICE RECOGNITION

6,567,006 SYSTEM

43.60.Qv MONITORING VIBRATIONS IN A PIPELINE Paul E. Jacobs and Chienchung Chang, assignors to Qualcomm,
NETWORK Incorporated

. ) ) ) 15 July 2003(Class 704231); filed 2 April 1997
Paul Lander and William E. Saltzstein, assignors to Flow Metrix,

Incorporated . . - . -
20 May 2003(Class 340605): filed 19 November 1999 A f_eature extraction mechanl_sm for_a distributed voice recognition
system is located in a remote device, which, by separation from the word

This system for detection of leaks in pipelines uses a series of “locallydecoder, is said to provide improved system performance. The extracted
intelligent, data-adaptive” monitoring systems that are either synchronizedeatures are provided to a word decoder in the central processing station that
or connected digitally to a base station. Received vibration signals from two
or more systems are correlated to determine the position of any leak presen— e e ity
in the pipeline.—EEU J&r\m 2 o

FEATURE
EXTRACTION

[~ TRANSMITTER

6,568,271

ESTIMATED
WORDS

38 30

43.60.Qv GUIDED ACOUSTIC WAVE SENSOR FOR :
PIPELINE BUILD-UP MONITORING AND

CONTROL
! TRANSMITTED
| FEATURES

CHARACTERIZATION T L L L8 -1
! 52 !

Vimal V. Shah et al, assignors to Halliburton Energy Services, BN | conteor “ \
Incorporated ! s [ !

27 May 2003(Class 73599); filed 8 May 2001 i DL PORD || RECEVER |

1 t

Deposits or buildup inside a fluid-containing pipe are monitored with ! ) :

the aid of a pair of acoustic transmitters that are mounted outside the pipe a ) |
some distance apart. A pair of acoustic receivers is mounted between the ! TRANSMITTER !

transmitters, spaced apart along the length of the pipe. The transmitters ar g U L
configured to induce Lamb waves in the pipe wall and are actuated one at@etermines the original word string in the input speech frames. The front end
time and the resulting amplitudes at the receivers are observed. The chargarocessor is either LPC or filter-band based and the acoustic pattern match-
teristics of the pipe walland whatever adheres tg @re determined from ing in the word decoder is based on hidden Markov models, dynamic time
the measured amplitudes.—EEU warping, or neural networks.—DAP
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6,594,630

43.72.Ne VOICE-ACTIVATED CONTROL FOR
ELECTRICAL DEVICE

Igor Zlokarnik and Daniel Lawrence Roth, assignors to Voice
Signal Technologies, Incorporated
15 July 2003(Class 704256); filed 19 November 1999

A voice-activated unit controls an electrical device.—HHN

G~
152
_—[ Receive Sound Data }

154\/*{ Classify Sound Data I 158 164 160

* MR
ALILIGIH| TS}t ti ti,..ON>

Compare Classified )
156~ Data to Command F--{LII|GIHITIS[#:[#:[].]OIF[F]

Word Templates
166 £ {DIMAHELLGHTIS]
Calculate Score {Sa) for 164 162
Command Words and Pauses
‘ — 138
168 Compare Classified
~"| Datato All Other |- {AIX[GIBICICIERL]
Sounds Template
Calculate Score (SB)
i
170 for All Other Sounds

172
174

Is Sa
Smaller
Than Sg?

Trigger System

6,598,017

43.72.Ne METHOD AND APPARATUS FOR
RECOGNIZING SPEECH INFORMATION BASED ON
PREDICTION

Naoko Yamamotoet al, assignors to Canon Kabushiki Kaisha
22 July 2003(Class 704251); filed in Japan 27 July 1998

A module predicts the type of sound information using a knowledge-

based expert system for speech recognition.—HHN

6,606,280
43.72.Ne VOICE-OPERATED REMOTE CONTROL
Guenter Knittel, assignor to Hewlett—Packard Development

Company
12 August 2003(Class 367199); filed 22 February 1999

SOUNDINGS

6,601,029
43.72.Ne VOICE PROCESSING APPARATUS

John Brian Pickering, assignor to International Business
Machines Corporation

29 July 2003(Class 704257); filed in the United Kingdom
11 December 1999

An algorithm finds uncertainties in the outputs of a speech recognizer

soo
PLAY PROMPT 510

]

[ RECEIVE CALLER INPUT ] 515

!

[ SPEECH RECOGNITION |~ 520

J

[ NATURAL LANGUAGE UNDERSTANDING |~ 525

EXIT
SUCCESS

IMPROVING ?

[ RE-PHRASE PROMPT
575 WHERE APPROPRIATE

L

and notifies the user of the uncertain parts.—HHN

6,604,073
43.72.Ne VOICE RECOGNITION APPARATUS
Shoutarou Yoda, assignor to Pioneer Corporation

5 August 2003(Class 704231); filed in Japan 12 September 2000

A method for speech recognition in noisy environments captures an
image from the user’s mouth to aid in determining the start and end points of
the spoken phrase.—HHN

6,606,598

43.72.Ne STATISTICAL COMPUTING AND
REPORTING FOR INTERACTIVE SPEECH
APPLICATIONS

Why aren’t remote controls voice activated? The answer, says the au-

thor of this patent, is to find the impulse response of the room at the remote
and subtract the ambient sounds from the input. Next, the user’s voice is
deconvolved with the room impulse response and then voice recognition can
be attempted. No concrete results are given. Again, the examiner has re-

searched the prior art.—MK

J. Acoust. Soc. Am., Vol. 115, No. 2, February 2004

Mark A. Holthouse et al, assignors to Speech Works
International, Incorporated
12 August 2003(Class 704275); filed 21 September 1999

An algorithm reports statistical information that describes the perfor-
mance of an interactive speech application.—HHN
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6,608,249 univariate power density functiofPDF), maximizing the entropy or likeli-
hood, and then reconstructing the PDF in the original high dimension.—
43.72.Ne AUTOMATIC SOUNDTRACK GENERATOR HHN

Alain Georges, assignor to dBTech SARL
19 August 2003(Class 84609); filed 21 May 2002

) i ) ) : ) 6,605,766
This patent describes a device for sound tracking by integrating a

sound generator module in a video recorder/player for sound mixing ang13 75 Gh ACOUSTIC GUITAR ASSEMBLY
dubbing purposes.—HHN o

Timothy A. Teel, assignor to C. F. Martin & Company,

Incorporated
6,609,094 12 August 2003(Class 84291); filed 22 May 2001
43.72.Ne MAXIMUM ENTROPY AND MAXIMUM To provide a *high quality, durable acoustic guitar which is at least

LIKELIHOOD CRITERIA FOR FEATURE SELECTION partly constructed from alternative nonwooden materials which provide both
FROM MULTIVARIATE DATA

Sankar Basuet al, assignors to International Business Machines
Corporation
19 August 2003(Class 704240); filed 22 May 2000

This patent describes a method for speech recognition by projecting 32
the high-dimensional data into lower dimensional subspaces, estimating the

DENSITY EST. }—101

GET SPEECH
DATA xi, = 102
12,.N
[
PROJECT DATA
yiokd 103
I
1-D DENSITY
ESTIMATES FOR | 104
yl
J
105
METHOD
106
GAUSSIAN
MIXTURE EM
e T
ESTIMATOR EM
OPTMIZE A |—108

109
CRITERIA a novel decorative appearance and superior acoustic performance,” Martin
110 Guitar proposes using a thin metal soundbob8dvith laminate sidewalls

20 and backboar@2—MK
MAXIMUM
LIKELIHOOD

11
T MAXIMUM 6,608,247
ENTROPY

43.75.Gh STRINGED MUSICAL INSTRUMENT WITH
SOUNDBOX EXTENSION

Harvard Jasper Bryan, Magnolia, Arkansas
19 August 2003(Class 84291); filed 30 October 2001

According to the patent author, a mandolin suffers from a number of
deficiencies including the “power” of the sound and less flexion resulting in
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6,605,767

43.75.St MUSIC LEARNING SYSTEM INCLUDING

INSTRUMENT AND METHOD
Ethan Fiks and Peter Sippach, assignors to Music Path Company,

Incorporated
12 August 2003(Class 84423 R); filed 6 November 2001
Teachingbeginningmusicusingtherecorderismademorecomplicated

by the difficulty of producing even breath control, not to mention the hy-
genic issues of sharing a single instrument. Accordingly, the inventors be-

tuning instabilities. The proposed cure is an extended sound box that re-
sembles a lyre. Issues of body resonance are not addressed.—MK

6,596,932
43.75.Kk VIBRAPHONE HAVING IMPROVED DRIVE

OF FANS

André Ansfried J. Adams, assignor to Adams Paukenfabriek B.V.
22 July 2003(Class 84402); filed in the Netherlands 16 November
ieve a keyboard instrument with switchable labels is preferable. Issues of
woodwind fingering are eliminated as well. But then why not use a single
octave piano keyboard? At least the skill is transferable to another

2000
The wonderful shimmering sound of the vibraphone is due to the set o*

butterfly valves3 located between bafand resonance tub@s The author
instrument.—MK

i

6,601,436

i i1

43.75.Wx APPARATUS AND METHOD FOR
DETECTING AND PROCESSING IMPACTS TO AN

ELECTRONIC PERCUSSION INSTRUMENT

Kenji Senda and Yasunobu Miyamoto, assignors to Roland

1\

Corporation
5 August 2003(Class 7312.09; filed 26 January 2001
Roland Corporation has managed to extract 45 claims after describing
an electronic drum pad. As shown, they propose two detectors: one pressure
sensor to detect hits and a piezoelectric sensor to help detect location. It's

41 INPACT SURFACE (RUBBER PAD)
PAD CENTER MEDIAN POINT
et 4,1 CUSHION MATERIAL
AN a
]

/ ] ]
(
40

44 PIEZGELECTRIC SENSOR

/
40 TASE

43 PRESSURE SENSDA
very strange that no reference was made to Max Mathews'’ electronic drum

proposes a slip coupling to prevent the musician from damaging valuabléfter all, it was published in th&Computer Music Journabnly 23 years
ago.—MK
Reviews of Acoustical Patents 461

body parts as well as the belt driid (driven by motor12).—MK
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6,605,768 6,607,502
43.75.Wx MUSIC-SIGNAL COMPRESSING/ 43.80.Sh APPARATUS AND METHOD
DECOMPRESSING APPARATUS INCORPORATING AN ULTRASOUND TRANSDUCER

ONTO A DELIVERY MEMBER

Toshihiko Date et al, assignors to Matsushita Electric Industrial

Company, Limited o Mark A. Maguire and James C. Peacock IlI, assignors to Atrionix,
12 August 2003(Class 84604); filed in Japan 6 December 2000 Incorporated
In this conceptual patent, a sound source is first separated into different 19 August 2003(Class 60422); filed 5 November 1999
streams of different importanc@f course, the algorithm is not disclosed, This patent involves a device that consists of an ultrasound transducer

described, or discussedNext, depending on the importance, the streams assembly mounted on a catheter shaft in order to ultrasonically couple to a

can be coded in different waye.g., MIDI for music, CELP for voice, ett.  region of tissue within the body of a patient and, more specifically, to couple

and then transmitted or stored.—MK to a circumferential region of tissue at a location where a pulmonary vein
extends from the atrium. Mounting flanges extend from either end of the
transducer and are mounted at two locations along the catheter shaft so that
the transducer is suspended over the catheter shaft between those mounting

6,605,769 locations. In an overall tissue coupling system, a cylindrical ultrasound
transducer is mounted onto a catheter shaft by the use of such mounting
43.75.Wx MUSICAL INSTRUMENT DIGITAL flanges in such a manner that the ultrasound transducer is enclosed within a
RECORDING DEVICE WITH COMMUNICATIONS balloon that is also provided in the catheter—DRR
INTERFACE 6,607,487
Henry E. Juszkiewicz, assignor to Gibson Guitar Corporation 43_80_Vj ULTRASOUND IMAGE GUIDED
12 August 2003(Class 84609); filed 5 October 2001 ACETABULAR IMPLANT ORIENTATION DURING

Incredibly, the Gibson Guitar company believes that a DSP micropro-TOTAL HIP REPLACEMENT
cessor and a USB port are not only novel but also worth patenting. Once

again, the patent examiner supplied all the prior art citations.—MK John Changet al, assignors to The Regents of the University of
California
19 August 2003(Class 600437); filed 23 January 2001

An ultrasound probe is used to survey the pelvic bone around the

6,607,488 acetabulum. An adapter cup is then positioned in the acetabular socket be-
tween the ultrasonic imaging head and the socket. Marks are made in the
43.80.Qf MEDICAL DIAGNOSTIC ULTRASOUND socket relative to the pelvis. The marks are used to locate the ultrasonic
SYSTEM AND METHOD FOR SCANNING adapter cup and acetabular implant in the joint socket.—RCW
PLANE ORIENTATION 6.607.489
John |. Jackson and John A. Hossack, assignors to Acuson -
Corporation 43.80.Vj FOCUS CORRECTION FOR ULTRASOUND
19 August 2003(Class 600443); filed 2 March 2000 IMAGING THROUGH MAMMOGRAPHY

COMPRESSION PLATE

This diagnostic ultrasound system indicates the position and orienta-
tion of a scan plane relative to a patient. The image as presented on a display
follows the orientation of a transducer. The orientation may provide display |
of an image where the transducer is not in an up or down position, but is General Electric Company ) )
rotated away from the vertical of the display. As an alternative, a two- or 19 August 2003(Class 600443); filed 5 April 2001
three-dimensional graphic generic representation is provided with a scan  Ray tracing is used to adjust ultrasonic imaging instrument transmit
plane represented as a polygon or image rendering within a generic repreand receive time delays based on compression plate thickness and sound
sentation to display relative positioning of the scan plane with respect to thepeed in the plate to mitigate spherical aberration due to the presence of the
patient.—DRR compression plate. —RCW

Ralph Thomas Hoctor and Kai Erik Thomenius, assignors to
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Comment on “Background noise in piezoresistive, electret
condenser, and ceramic microphones” [J. Acoust. Soc. Am. 113,
3179-3187 (2003)]1 (L)

Richard Brander?®
RB Research, 1429 S. 59th Avenue, Cicero, lllinois 60804

(Received 8 August 2003; revised 31 October 2003; accepted 5 November 2003

This letter comments on the paper “Background noise in piezoresistive, electret condenser, and
ceramic microphones”[J. Acoust. Soc. Am. 113 3179-3187 (2003], which found
low-frequency-weighted noise in microphones. One possible mechanism for this type of noise is
proposed. ©2004 Acoustical Society of AmericdDOI: 10.1121/1.1639329

PACS numbers: 43.38.Ar, 43.38.KBJZ] Pages: 465-466
In a recent paperZuckerwar, Kuhn, and Serbyn found sCgRg+1
low-frequency-weighted noise generated by diaphragm mo- VOA:SCBRB+1+RB/21 ‘nA, 2
tion in piezoresistive and electret condenser microphones.
This finding extended previous wdrk which a similar type 1
of noise was found in condenser microphones of various VOB:SCBRB+1+RB/21 -nB. ()]

sizes. However, no physical mechanism for the generation of

this type of noise was identified. The purpose of this com-The equivalent input noise pressure due to noise sourses
munication is to propose one possible mechanism for thiandnB is given by

type of noise.

A generalized model for a pressure microphone is shown ' _E_ 1+ 1 ) nA @)
in Fig. 1. In this figure,C, represents the acoustic compli- AT T, sCgRp '
ance of the diaphragm and moving systevh, represents
the acoustic mass of the diaphragm and moving system, and Vog (1 B
R, represents the acoustic damping resistaRceepresents i”B_T_p_ sCzRp e ®)

the input acoustic pressure axg represents the open circuit ) ) ] o
output voltage. These elements correspond to similar elelN€ equivalentinput noise power spectral density is given by

ments in Fig. 3 and Fig. 6 of Ref. 1. Additional elements in

Fig. 1 areCg, the acoustic compliance of the back cavity Snoa=|1+ %) -4KTR,, (6)
volume, andRg, the acoustic resistance of the pressure relief 4m°f°CgRg

vent for the back cavity. A closed back cavity is needed to 1

shield the back side of the diaphragm from the input acoustic g :( ) -4kTRy 7
pressure, and a pressure relief vent is needed to accommo- "\ 4m?PCERg

date changes in barometric pressure without static offset o

the diaphragm. These elements have been incorporated p an exarpple, con_slflersa microphone with the following
previous microphone modes. parameters: C,=10 " m°’/N, resonant frequencyfg

Two noise sources are identified in Fig. 1. Theserske =20 kHz, quality factoQ=1, Cg/C,=5, and pressure re-

the Johnson noise associated WRR, andnB, the Johnson lief corner frequencyf, =2 Hz.
noise associated witRg. The power spectral densities of 1
these noise sources aBg =4kTR, and S,g=4kTRg, re- RA=m=7.95>< 1% Ns/n, (8)
spectively.Z, is the acoustic impedance looking into the REA
network to the right of the dotted line afld is the transfer
function Vo /P, of this network.

Let Vop, Voa, and Vyg represent the output voltage
produced by the input pressuRe the noise sourceA, and
the noise sourcaB, respectively.

=1.59x 10'2 Ns/nr. 9)

RB:27T' fLCB

_o
Transduction *
Network Vo
Vv sCeRe P=Tp P (1)
OP=SCaRgt1+Rg/Zy 1P T 0
3Electronic mail: rdbrander@cs.com FIG. 1. Generalized model for a pressure microphone.
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10 Figure 2 shows the equivalent input noise power spectral
108 density for the noise due ®,, the noise due t&g, and the
Ny sum of these. It can be seen that a vent to a back cavity is one
A0 possible explanation for acoustically generated low-
2 10" frequency noise.
E w" - A
§ 1012 . B
é‘ 10"
g 161 IA. J. Zuckerwar, T. R. Kuhn, and R. M. Serbyn, “Background noise in
n? piezoresistive, electret condenser, and ceramic microphones,” J. Acoust.
10 I H“llll L H“Wl 1 HUIH! Lo Soc. Am.113 3179-31872003.
10° 10! 107 10° 10* 10° 2A. J. Zuckerwar and K. C. T. Ngo, “MeasuredfIfoise in the membrane
Frequency motion of condenser microphones,” J. Acoust. Soc. A%, 1419-1425
(1994.

FIG. 2. Equivalent input noise power spectral density. Curve A: due to 3 Frederiksen, “Microphone system for extremely low sound levels,”

damping resistancR, . Curve B: due to vent resistan&g . Curve C: sum Bruel & Kjaer Technical Review 1984 n3 15-22984).
of A and B.
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Acoustical wave propagator for time-domain flexural
waves in thin plates

S. Z. Peng and J. Pan?
Centre for Acoustics, Dynamics and Vibration, School of Mechanical Engineering,
The University of Western Australia, Crawley, WA 6009, Australia

(Received 12 September 2002; revised 24 September 2003; accepted 8 November 2003

In this paper, an explicit acoustical wave propagator technique is introduced to describe the
time-domain evolution of acoustical waves in two-dimensional plates. A combined scheme with
Chebyshev polynomial expansion and fast Fourier transformation is used to implement the
operation of the acoustical wave propagator. Through this operation, the initial wave patket at
=0 is mapped into the wave packet at any instan®. By comparison of the results of the exact
analytical solution and the Euler numerical method, we find that this new Chebyshev—Fourier
scheme is highly accurate and computationally effective in predicting the acoustical wave
propagation in thin plates. This method offers an opportunity for future study of dynamic stress
concentration and time-domain energy flow in coupled structures20@4 Acoustical Society of
America. [DOI: 10.1121/1.1639905

PACS numbers: 43.20.Bi, 43.20.Fn, 43.40.[ANN] Pages: 467-474
I. INTRODUCTION tion of the initial disturbance by employing fast converging
expansion functions.
Direct modeling of time-domain wave propagation pro- The technique of the acoustical wave propagé&t/P)

vides an important tool in studying transient wave behaviowas developed by comparing the difference in operators for
at discontinuities. Intimate details of the wave properties cafschralinger equations and sound wave equationgo

be revealed by examining the time-domain propagation ofmplement the operation of the AWP on an initial state of

the wave packet. Much effort has been made in developing/@e motion, the AWP was expanded by the Chebyshev
the finite difference and finite element models for time-POlynomial in the time domain. Meanwhile, the spatial gra-

domain analysis of acoustic wave$ There is still an urgent dient in each polynomial term was evaluated by the Fourier

. . ' transformation scheme. Analysis and numerical examples
need for effective and accurate methods to investigate g : :
.demonstrated that this Chebyshev—Fourier scheme was

range of lnterestl_ng acoustical pro_blems_, |n.c_lud|ng dynam'%ighly accurate and computationally effective in predicting
stress concentration at structural discontinuities and transief{ o time-domain acoustical wave propagation and scattering.
energy exchange across the coupling boundaries. Tal-Ez@[owever, in Pan and Wang’s paper, AWP is only applied to
and Kosloff pioneered a new propagation scheme for solvone-dimensional sound and structural wave packet evolution.
ing the time dependent Schiioger equation in molecular The aim of this work is to extend the acoustical wave propa-
dynamics. This scheme was regarded as a global propagatgator approach to investigate the evolution of acoustic wave
method, especially applicable to an explicit time-independenpackets in two-dimensional thin plates.

Hamiltonian operator. It allows very long time steps, and

often a single time step can complete the calculation. This

scheme has been successfully employed in the field of quarlu'—- THEORY OF THE ACOUSTICAL WAVE

tum chemistry and atomic physics. Considerable work haEROPAGATOR
been done over the last two decades for the resolution of Plates are important components of many practical en-
elastic wave propagation phenomena. Relevant to the theogineering structures. The governing equations of a thin plate
and application of wave propagators, we find two mainare based on Kirchhoff’s hypothesf§They are relevant for
streams of research. The work done by Ols¥dgarlsson!! ~ small deflections of a flat plate. Very often, the thickness of
and Billger and Folko#? on wave propagatorgspatial —the plate is much smaller than sizes in other dimensions, so
propagatorsfocuses on the properties of the propagators deWaves In thin plates are usually treated as two-dimensional
fined on the basis of the wave splitting technique, and th&/aves.” A plate may be subjected to a distributed external

relations between the method of propagators and the invarfressure loadP(x,y,t) as a function of time. The moments

ant imbedding method and the Green function approach. O%\nd shearing forces due to internal stress resultants in the

. plate are generated to balance the external load together with
the other hand, the acoustical wave propagatemporal . "~ - . . ; .
13 4 r . o ) inertia forces. Two kinds of moments are involved: bending
propagatoy,~ defined on the basis of Euler’s field equations

'moments,M, and M, and twisting momentsM,, and

leads directly to the fast and accurate solution of the evoluy, v
yx:

The resultant bending and twisting moments are related
dElectronic mail: pan@mech.uwa.edu.au to the plate velocity/ by
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a ax? va_y2’ at ay? Vo2l at  2ph\ ax = ay 2peh

1 [ PMy My PMy) P
IMyy D(1 Vv aMyX_D L 92V . 2psh| gx2 Xy gy? 2ph .
- PATVGG T PTGyl @ €

wherep, is the mass per unit area of the plate. It is noted that

the external loadP(x,y,t) may include static loadingt£pg
whereD =2Eh%/3(1— ) is the flexural rigidity of the plate, due to gravity force and dynamic load. The static loading
and 2, v, and E are the thickness, Poisson’s ratio, andonly generates a static response. In this paper, only the time-

Young's modulus of the plate, respectively. dependent response to initial conditions is discussed. For this
Considering the force equilibrium in thedirection and  case,P(x,y,t)=0.

moment equilibrium about theaxis andy axis, the shearing To derive the acoustic wave propagator for flexural

forcesQ, andQ, are related to the moments as waves in a thin plate, we select a state vee¢t@monsisting of

velocity V, bending momentsv,(x,y,t), My(x,y,t) and
twisting momentM,(x,y,t) of the plate element. Combin-

o _ dMy N M,y _dMy N My @ ing Egs.(3) and (1), we have the system state equation
XX gy T Y gy ax v v
Jd M ~l M
r M X = H M X ) (4)
Thus the force equilibrium condition in thedirection and at y y
Eqg. (2) leads to the fourth-order Euler—Bernoulli flexural My My
wave equation for a 2D thin plate, where
|
[ 1 4 1 4 1
0 _ Z -
2psh ox2  2psh gy?2  psh axdy
@ 92
A=l %Y (5)
9 @
D| = +v-— 0 0 0
ay>  ox?
(?2
- 0 0 0
i D(1-v) xay |
|
Integrating Eq.(4) with respect to time, we then obtain ¢(X,y,to). The boundary and spatial variation of the acous-
. tical media are readily included in the system operatdsy
B(x,y,t)=e" T p(x,y,to), (6)  defining the parameters iRl(D,v,ps,h) as a function of

. _ . position.
wheree™ (1"'" s defined as the acoustical wave propagator

for flexural waves in thin plates. In general, wave propaga-
tors are operators that map one field at one position and tim'é" IMPLEMENTATION OF AWP
to another"*® However, their mathematical forms vary with A. Chebyshev polynomial expansion of AWP
applic_ations. Propagators de_zfingd d_irectly from the_ wave oo Eq.(6) and Eq.(2), we are able to obtain complete
equation are often asymmetricaf> While these are defined information about the whole system in the time-domain
after certain transformations, such as the wave splittingt

' W(x,y,t), V(Xy,t), My, My, M,,, Q, andQ,). The

transformann-, the res“"a.”t matrix propagator C.OUId .beexponential propagator needs to be expanded so that its op-
symmetrical if the media for wave propagation is

eration on the initial wave packet can be evaluated. Different
isotropic™* It is noted that the operata ‘~'9" is a tem-  expansions to the propagator along with the technique used
poral propagator, not a spatial propagator, as it applies to g calculate the spatial derivatives lead to different time-
fixed point in space and advances in time. The state vectQsyolution schemes. The simplest scheme is based on the Tay-
¢(x,y,t) of an acoustical wave at any tintecan be evalu-  |or expansion, known as Euler's method. Recent work on the
ated by the operation of the acoustical wave propagatofime-domain Schidinger equation indicates that the Cheby-
(AWP) e ("'H acting upon the initial state vector shev polynomial expansiofCPE scheme has some distinct
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features. First, it_ allow_s the use of very long time steps: in ¢(x,y,t+dt)=e"; dtgp(x,y,t)

some cases, a single time step completes the whole calcula-

tion. When the wave propagator for the time-domain Sehro =(1-Hdt+-) p(x,y.1). 11)

dinger equation is expanded by the Chebyshev polynomials,

there is virtually no limit to the length of the time step usedIf only the first two terms in the Taylor expansion of the

in the expansion. Modern computing facilities allow the useAWP are considered, then an explicit second-order propaga-

of many expansion terms to support a large step for the wavéon scheme is obtained:

propagation. As a result, a single event of scattering can be ~

calculated using a single time step. Second, the expansion (XY, t+dt)=(1-Hd)(x,y,t). (12

coefficients of Chebyshev polynomials decay exponentially

when the order of the coefficient function is sufficiently B. Fourier transformation scheme for spatial

larger than its argument. The acoustical wave propagator igerivatives

in a matrix form. Real Chebyshev polynomials are used in h lex Eourier t ¢ tion i dt luat

the expansion of the acoustical wave propagator, and matrix T € complex Foulier franstormation IS used fo evaluate
: . g . Spatial derivatives of(X,y,t).

operator algebra is required for its implementation. As men-

tioned aboveH is an operator with a valued matrix so that N

is an eigenvalue operator of the system operator. The range ]:[—qs(x,y,t)

of an operator is defined by the maximum and minimum ax"

values(or eigenvalues for matrix operajoof the operation N

result upon a function. If a variable is divided by its upper d :

limit (maximum valug the resultant normalized variable f{ﬁd’(x'y't)l:(Jky)Nf[d’(X'y’t)]' (13

will be restricted td —1,1]. The real Chebyshev polynomials

are defined in the ranges pf-1,1]. To ensure a convergent where | ] represents the Fourier transformation dgcnd

Chebyshev polynomial expansion, the system operation k, are the wave numbers as @ and ey, respectively.

= (k)AL p(x,y, D],

needs to be normalized by Therefore, the calculation of spatial derivatives of function
N ¢(x,y,t) is obtained by the following inverse Fourier trans-
~_ H formations:
H - 1 (7)
)\max N
. . . d _
where \ . is the maximum eigenvalua of the system ﬁ¢(x,y,t):Fl{(ka)Nf[gs(x,y,t)]},
operator. X

As described by Ref. 13, the acoustical wave propagator
N

can be expanded in Chebyshev polynomials of the first kind ¢ )
as @¢(x,y,t)=F1{(Jky)Nf[¢(x,y,t)]}- (14)
efmfto)ﬁ:ef RH' _ a(R)T.(H’ , 8 The accuracy of the Fourier transformation method for
n§=:O n(RITa(H") ® evaluating spatial derivatives has been examirigtihen the

spatial sampling intervals afx and Ay are given, the dis-
crete Fourier expansion of a wave packet supports a range of
wave-number components with a limit specified by the maxi-
mum wave number:

V() 15
rest can be calculated by the following recursive relation:
B WherekBmax represents the maximum bending wave number.

whereag, aq,...,8,-1, an, &,+1,-.. are theexpansion co-
efficients andT,, is called the Chebyshev polynomial of the
order n; R=(t—to)\max; an(R)=2I,(R) except ap(R)
=1o(R) andl,(R) is thenth-order modified Bessel function
of the first kind. The zero- and first-order Chebyshev poly-
nomials are defined a&(H')=1 andT{(H')=H’, and the Kg, = (

max

Toea(H)=2HTa(H) = Tn-o(H). © For flexural waves in a thin plate, the normalization fad®or
Equation(6) can be rewritten as is
(xy.)=e "0 p(xy tg) R=(t=to) A max
i RITa(H") b(x.¥.to) (10) En’ {(W>2+ ”)2](t t). (16
= a X,Y,to). Y P N L —to).
~ n( ) n( d)( Y:lo 3ps(1—v2) AX Ay 0

The AWP operation therefore becomes the calculation of thg;omponents with wave number above the limit specified by
operation of the normalized system opera#dron the initial Eq. (15) will not be included in the numerical model. The

State VeCtor, which mainly involves the evaluation of Spatialconvergence and accuracy properties of the Spatial derivative

derivatives. A calculation using Fourier transformatiotwave number
Utilizing the Taylor expansion o# " 9 the acoustical transformatiohmethod have been discussed analytically and
wave propagator is given in numerically by Pan and Wahtand Wang'’
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C. An exact solution

To demonstrate the application of the AWP, first of all,

_2Tr(3/,L2—,LL272—1— ) —4dvpor(1+72)
2 a(1+72)r

the exact analytical solution of the initial wave packet in a
thin plate is presented below. Assume the following initial@nd

displacement and velocity:

IW
—(r,0)=0. (17)

W(r,0)=1(r), P

For a specific initial waveformW(r ,0)= foe~4") where

M():_D v

e

PW 1 awl

- D—foe[wz/(l#)]

a 20(1+ 7)?

fy is a constanty is a Gaussian factor. The displacement has

the following analytical solutiod®

f 27
W(r,t)= Oze[*f‘z’(l*fz)] cos( H 5
1+ 7 1+ 7
s rsin] 2T (18)
7sin ,
1+72

wherer=(Eh?/3(1— 1) po) ¥4t/ 0?); p=r/20.
The first-order derivative o#V(r,t) is given by

ﬁW(r,t) . fo/,L
I g1+ 72)2

MZT) | pP
><|(72 1)005(1Jr 5| —27sin 1

gl — 121+ 77)]

T + 72
(19
The second-order derivative ®¥(r,t) is given by
2
FWLY - To uaiaeny
ar? o?(1+7%)3
(7‘4—6,u272+2,u2—1> wlr
X co
2 1+ 72
ulr
+ 7(3u?— u?r?—1—72)sin .
1+ 72
(20)

The first-order and second-order derivatives\dfr,t) lead

to the exact expressions of the bending and twisting mo

ments in polar coordinates,

r

a2w+ 1 oW
or2 o1 ar

- D—foe[wzulwzﬂ

20(1+17%)?
2 2
moT moT
peod £ s (15|

(=674 2u”— 1) + 2vpo (7 - 1)
! o(1+2)r

X +A,sin

where
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X +A,sin

2 2
neT mnoT
Azco§ — , 22
° i<1+72 1+72)] 22

B (7 —672ul+2u?—1)+2uo(7—1)
s o(1+)r ’

where

B 2urr (Bul— pl?—1- ) —4por(l+72)

! a(1+ )

This allows an assessment of the prediction accuracy of the
Chebyshev—Fourier scheme developed in the preceding sec-
tion and of the Euler method described above.

D. Convergence property of Chebyshev—Fourier
scheme

The convergence property of Chebyshev—Fourier
scheme is determined by the convergence property of the
Chebyshev expansion of E¢LO). If the expansion coeffi-
cientsAy in the infinite series=X|_ AT approach zero
when k>n, and the truncation error |=;_ ATy
— 2R 0AcTyl is less thare, wheree is a small positive value
dependent upon, then the finite serieS;_ A, T, converges
to s with a maximum truncation error of.

The Chebyshev expansion in E§.0) has a property of
A,—0 whenk— .19 Theoretically we can obtain any de-
gree of accuracy by choosing a suitallePractically, the
accuracy of the expansidiq. (10)] is also dependent on the
round-off error in the calculation of the expansion coeffi-
cients. It becomes clear that we have to examine the effect of
the round-off error on the convergence property of the ex-
pansion. The round-off error is due to the finite precision of
the computer. For example, a double precision will have a
“dynamic range” of 10°. If the largest value of the coeffi-
cient is of the order 18, then in the calculation any signifi-
cant value of all the coefficients less than the order of 1 will
be truncatedor rounded-off.

Figure 1 shows the numerical valuesIgfR) as func-

tions ofn andR. For a given “time step’R, the coefficients
of the expansion decay almost exponentially with the in-
crease oh. This result supports the convergence requirement
of the Chebyshev expansion as in EtQ). Furthermore, Fig.
1 shows the large variation among the numerical values of
the coefficients, which indicates the potential round-off error
problem in the accurate calculation of the expansion. To in-
vestigate the effect of the round-off error on prediction accu-
racy, we first define a number,;, so that the terms witim
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FIG. 2. Magnitude of the modified Bessel function of the first kind as
FIG. 1. The convergence propertiesIgfR) as functions ofh andR. functions ofR andn.

—RH’
=nnin have negligible contribution to the final value of the e

series. A list ofR and n,,;;, values and their corresponding whereR' =R/Ng, such that each propagate?Ri’F" can be
1 1

lo(R), 11(R), IO(R)/Inmin(R) andll(R)”“mm(R) are shown in calculated with sufficient prediction accuracy when the

Table 1. To further explain the “dynamic range” anthn,  Chebyshev polynomial expansion is used to implement the
F|g. 21is Used to I||UStI‘ate the magr"tude of the modmedoperation of the acoustical wave propagator_

Bessel function of the first kind as functions®findn. With

a reference line defined by I'@‘R)“O(R)=16, anynmpi, value v RESULTS AND DISCUSSION

with a satisfactory approximation can be obtained by an in- ) .

terpolation technique wheR ranges from 5 to 60 as shown 10 demonstrate the implementation of the AWP on an
in Fig. 2. For example, foR=12.5,n,.,,~33. For a largeR, initial wave packet in a thin plate, we select the following

the corresponding coefficients to the first few expansiorinitial state vector:

N e
—e I RH (23)

terms are also large. For this case, large number terms of the 0

expansion are required to reduce the truncation error. How- M,(X,y,0)

ever, the extra terms needed for accurate prediction may be  ¢(X,y,00=| \, x.y.0) |’ (24)
y L 1

outside the dynamic range defined by the machine accuracy M.(X,y,0)
of the computer. It is possible that the round-off errors of the R
subtractions of the first few terms are greater than the teriwhereM,(x,y,0), My(x,y,0), andM,,(X,y,0) are related to
aroundn=n,,;,. For example, whem=0 andR=5, 1,(5) the initial displacemenw(x,y,0)=Wye~ *+¥)47* |n this
=2.72x10', the round-off error is of orde® (10 *%); when  simulation, parameters of the steel plate used for numerical
n=0 andR=150, | ,(50)=2.93x 10?°, the order of its round- calculation are given as followsE=21.6x 10'°°N/m?,
off error increases t@(10%. As a result large prediction v=0.3, 2h=0.002 m,p=7800 kg/ni, W,=0.001 m,o=0.1,
error occurs. the grid sizeN is 100, and the spatial sampling inter/sk

To overcome this difficulty, a smaRis used in the AWP  =Ay is 0.1 m. A plate with infinite length in the& andy
expansion. A splitting technique is introduced to replRda  dimensions is used, and the evolution of the wave packet is
the acoustical wave propagator in E§) with multiple com-  observed in the spatial range-6 msx<5m, —5m<y
ponents. Equatio8) can be rewritten as <5m).

TABLE I. Dynamic range of the expansion coefficients of Chebyshev polynomials.

R Nimin lo(R) 11(R) o(R)/1,  (R) 11(R)/1, (R
5 25 2.72x 10t 2.43% 10 3.74x 10 3.35% 10'°
10 32 2.82x 10° 2.67% 10° 1.50% 10° 1.43x 10
15 38 3.40x 10° 3.28x 10° 2.41x 10'° 2.33x 10'°
20 43 4.36x 10 4.25x 10 2.86x 10° 2.79% 10
25 47 5.77x 10° 5.66x 10° 1.77x 10° 1.74x 10
30 51 7.82x 101 7.69% 10 1.97x 10'° 1.93x 10'°
35 55 1.07x 10 1.06x 10 3.12x 10' 3.07x 10'°
40 58 1.49x 10'° 1.47x 106 1.93x 10'° 1.91x 10
45 61 2.08x 10'® 2.06% 10'8 1.56x 10 1.54x 10
50 64 2.93x 107° 2.90x 10%° 1.53x 10'° 1.51x 10
55 67 4.15x 107 4.11% 1072 1.74x 106 1.72x 10
60 70 5.89x 10?4 5.85x 10?4 2.21x 10'° 2.19% 10'°
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FIG. 3. Distributed flexural wave displacemaft(mm) at different times.

Both CPE/FFT and Euler schemes are used to impleerests; negative for trough$ocations also vary with time.
ment the AWP operation on the selected initial state vectorBased on the wave speed of the component with the highest
The results are assessed by comparison with the exact anfaequency in the packet, the flexural wave displacement dis-
lytical solution[Egs.(18) and(21)]. Figure 3 shows the time tributes the whole observation range of the platetat
evolution of the displacement in the plate by the CPE/FFT=0.034s.
scheme at 6 time steps. An initial Gaussian displacement Figure 4 shows the time evolution of the moment in the
distribution is illustrated in Fig. @&). At t=0.00425s, we plate by the CPE/FFT scheme corresponding to the displace-
observe a little spread in the distribution of the displacemeninents in Fig. 3. An initial moment distribution is illustrated
including negative component§see Fig. 8)]. At t in Fig. 4@ and includes negative components. At
=0.0085s, the distributed flexural wave displacement has=0.004 25s, we observe the second crest in the distributed
two principal crests and continues to spread out with deflexural wave moment. Compared with Figa$ the magni-
creased magnitude. After=0.012 75 s, we note the forma- tude of the moment decreases quickly. It is noted that, when
tion of subsidiary “ripples” ahead of the principal crest of t=0.01275s, the magnitude of the second principal crest is
each wave. This is due to the dispersive feature of the flextarger than that of the first one closer to the center. This is
ural wave in the plate. The high-frequencishort- because the largest moment corresponds to the largest curva-
wavelength components in the wave packet spread outwardure of the displacement, rather than the largest magnitude.
faster than the lower frequency ones. The crests and troughfss the example used here is axisymmetric, displacement and
result from the “superposition” of different frequency com- moment distributions in the radial direction give rise to com-
ponents in the wave packet. Due to the frequency deperplete information about the wave packet. Based on the ex-
dence of the traveling speed, the intensifigmsitive for  pression of the bending wave velocity of a thin plate, we
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FIG. 4. Distributed flexural wave momem, (Nm) at different times.

note that different frequency components of bending waves  Similarly, the overall error of moment between the pre-

travel at different wave speeds and they are therefore dispedictions of the Chebyshev/Euler scheme and the exact solu-

sive. As time increases, the effect of this dispersion on thé¢ion is defined as

distribution becomes obvious as shown in Fig. 4. N
For the Chebyshev scheme, the time stepdig \/12 (Mg M )2 (26)

=0.0003s. Sixty terms of Chebyshev polynomials are used NSy & TP

in this expansion. Totdg= 113 time steps are used succes-

sively to give the displacement &&0.034 s. For the Euler

scheme, the time steghtz is 0.000 0001 s. The overall error

of displacement is defined as

whereM,, andM,, represent the exact bending moment and
predicted moment by either the Chebyshev or Euler scheme.
Table Il shows the maximum absolute error of moment be-
tween the predictions of the Chebyshev scheme and the exact
N solution, and the Euler scheme and the exact solution when
1 _ 2 y=0 m andt=0.034 s. Further decrease in the time step will
N2 (Wex™Wpr)?, (25 ase In
i=1 slowly reduce the overall error, both in the displacement and
the moment. The finite-difference schemes based on the Tay-
where We, and W, represent the exact displacement andlor expansion of the time-evolution operator, even to high
predicted displacement by either the Chebyshev or Euleorder, require extremely small time steps to ensure their con-
scheme at=0.034s. Table Il shows the maximum absolutevergence. In contrast, the Chebyshev scheme allows larger
error of displacement between the predictions of the Chebytime steps. Large time steps for wave propagators have been
shev scheme and the exact solution, and the Euler schenpeoved to be possible for the Schlinger equation, as the
and the exact solution when=0 m andt=0.034s. expansion coefficients are Bessel functions of the first kind.
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TABLE Il. The maximum overall errors of displacements and moments.

The maximum Between the Chebyshev scheme and the exact solution 347
displacement error Between the Euler scheme and the exact solution 2820 °
The maximum Between the Chebyshev scheme and the exact solution NN g
moment error Between the Euler scheme and the exact solution 4165 2
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A simple formula for the longitudinal modes in a cylinder
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For cr<c<c , the Pochhammer dispersion relation can be replaced by an approximate equation
which can be solved to obtain the dimensionless wave nueaicitly as a function of the phase
velocity. This equation is similar to the corresponding equation for the Lamb modes in plate. The
two types of modes are interlaced, i.e., between every pair of modes of the plate there is a
longitudinal mode of cylinder and vice versa. @04 Acoustical Society of America.
[DOI: 10.1121/1.1639907

PACS numbers: 43.20.Bi, 43.20.Mv, 43.20.K&NN ] Pages: 475-477

I. INTRODUCTION Recently, it was shown by the present authitrat for
. L ) . i i cr<c<c_, Eg. (4) can be replaced by a simpler approxi-
_Consider an infinite cylinder of radius The cylinderis 516 equation which admits exact solutions. In the present
of isotropic material characterized by the phase sp@gds ,oher e shall show that a similar procedure can be adopted
andc, , respectively, of the transverse and longitudinal bulkfor the dispersion relatiofil) and an approximate solution
waves. Letw andk denote the frequency and the wave num-can pe obtained which expresses the wave nurelgiicitly
ber of a wave which propagates in a direction parallel to theas a function of the phase speed of a mode. fohe of both
axis of the cylinder whose surface is assumed to be free af,,oximate solutions turns out to be the same. This explains
traction. The dispersion relation for suctoagitudinal mode why the qualitative features of the two spectra happen to be

is given by[see Ref. 1, Chap.]6 identical. The similarity becomes even more accentuated
20, o wh_en we plot the two types of modes in the same figure. The
- +k%)Ji(pa)di(ga) —(q°—k%)“Jg(pa)di(qa) cylinder modes are of the same shape as those of the plate,
only they are displaced to the right, at each point, by
—4k?pqdy(pa)do(qa)=0, (1) w/(4J1-c?c?) units.
where
_ w® 2 Il. THE APPROXIMATE EQUATION
p= c_'f_k : 2
We denote the phase speed and the dimensionless wave
w? ) number of a mode having frequenayand wave numbek,
q= Erz—k , (3 respectively, byc andu, i.e.,

andJ, andJ, denote Bessel functions of the first kind. Equa- ¢~ w/k and u=ak.

tion (1) is known as the Pochhammer frequency equation. liwe shall only considect<c<c, . Let

k is fixed and Eq.(1) is solved forw, we get an infinite .

number of frequencies for each wave number. Dispersion a(c)= /C_2_1, (5)

curves expressing, or the phase speed, as a function of the T

dimensionless wave number, gikve thespectrunof the pos- 5

sible longitudinal modes in the cylinder. The sketching of B(c)= /1_ C7 (6)
CL

modes in a plate as well as a cylinder was made relatively
easy by the work of Mindlin and his co-workers.

If we consider wave propagation in an infinite plate of y(c)= 40‘(0)25(0)2. @)
thickness B, the dispersion relation for theymmetric (1-a“(c))
modes is given byRef. 1, Chap. § We shall usually suppress the dependence,q, andy on
tan(qh) 4pqKe " c. With the above definitions, Eql) can be written as
tanph)  (q°—k*)*’ lo(uB)Ji(ua) 2¢’B Jy(ua)
. . . | J 2 1— 2\2 J Y= 0, (8)
Although the two dispersion relatior{4) and (4) look very 1(UB)Jo(ua) ~ cH(1—-a“)u Jo(ua)

different from each other, their spectra will come out to be

- wherel, andl; denote the modified Bessel functions of the
rather similar to each other.

first kind. Supposey, ua, andug are all large compared
with unity. To first order in 14, we have the following
dElectronic mail: faizmath@hotmail.com asymptotic expressioh:
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lo(uB) 1 TABLE I. Dimensionless wave number for various longitudinal modes of an

~1+ . 9 aluminum cylinder, v =0.355, corresponding to the phase velocity
Lwp T 2g0 G e
Substitution of Eq(9) in Eq. (8) gives Modes s, 5, S N 5 5% s,
Ji(ue) i _ (10) Approximate 3.162 5.331 7.465 9.585 11.698 13.806 15.913
Joua) | " ua) Y Eq. (15)
Exact Eq.(1) 3.078 5304 7.453 9578 11.693 13.803 15.911
where
Al 1 . 2¢?B
287" Ea?-1)2|" o 1 T
U,=—|nmw+ Z+tan v]. (14)
Now, to first order in 14, we have the following asymptotic
expressions: The above solution can be improved by substitutiuﬁg‘or u
2 - 1 - on the right side of the expression in E42). We thus find
Jo(Ua)~\/— COS{Ua— —)-I——Sih(Ua— —H 1 -
mua 4] 8ua 4 U,=—|nmw+—+tan ! y|, (15
o 4
3 2 ) T N 3 T
1(ua)~\/ p— sinl Ua 2 Bua Cos U 7l where
Using the above expressions in Ed0), we obtain y— 3
- 3 8au2 16
tan ua— — |+ s— 7= A vy (16
4] 8ua A 1+ —5— ——
1+ il = (11 au, 8au,

1 1 T
+%ta Ua’—z

From Eq.(11) we get, to first order in L«

lll. DISPERSION CURVES

Equations(14) and (15 are explicit solutions of the

B 3 Pochhammer equatidit) and can be used to plot the disper-

T 7" Bua sion curves corresponding to the modes which may be de-
tan ue— 7= Ay (12 noted bys,,s,,... . Theapproximate results do not apply to
1+ Ua_ 8ua the lowest modes,, which hasu=0 on the one end, where

¢ equals the bar velocity, ang=0 on the other end where it
It is worth mentioning that those values o& which make crosses the line=cy. In Table | we compare the exact
tana—[#/4]) large, occur away from the roots of EQ1);  results for aluminum wheo= 1.8, with the approximate
therefore, we may ignore them in the transition to Ei2).  ones given by Eq(15). We note that the error is; is less
The last equation has been obtained under the assumpti®fan 3 parts in 100, while ig, it is nearly 5 parts in 1000. It
ua>1; hence, to a first approximation we drop all termssteadily decreases as we move up the sequence.

havingue in the denominator and obtain In Fig. 1 we have plotted the longitudinal modgs s,,
- s3, ands,. The solid curves represent the exact solution,
tar(uLy—Z =y. (13)  while the dashed ones represent the approximate solution
obtained from Eq(15). We find that the two curves for the
Equation(13) has the solution modess, onward match each other almost in the entire range

FIG. 1. Longitudinal modes,,...,s, in an aluminum
cylinder. Solid curves are exact and the dashed curves
are based on Edq15).

1.4

Normallzed velocity

0.8

10 15
Dimensionless wave number
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-

FIG. 2. Symmetric modes of a plate and the longitudi-
nal modes of a cylinder shown together. The plate
modes are shown in bold.

-

Normalized velocity

2 4 6 8 10 12 14 16
Dimensionless wave number

cr<c<c,. The curves for the first mode differ slightly be- where v=hk denotes the dimensionless wave number. A
tween 1.8r<c<<c_. The error in this mode at 1c% is less  comparison of Eq.15) and(20) brings out the similarity of
than 3 parts in 1000; it increases to 4 percentatl.9Z;  the two approximate equations with the result that the dis-
then decreases asapproaches the speed. In this limitthe  persion curves for a plate and a cylinder are identical in
exact equation becomes shape but the curve representing a longitudinal mode of a
Ji(ua)=0, (17 cylinder is displaced to the right of the corresponding curve
for a plate, at each point, by/[4a(c)] units. In Fig. 2 we
display the modes for a plate as well as a cylinder in the
same figure. The plate and cylinder modgs s,, etc. ap-
tar< va= Z) =0. (18) pear in pairs, the plate mode being on the left. Between every
The first three zeros af, occur at 0, 3.8317, and 7.0156, and P2Ir Of consecutive modes of a plate there is a mode of the
Eq. (18) has the solutions cylinder and vice versa. Along a horizontal line
=constant, consecutive modes of a plate are equally spaced.
The same is true for the modes of the cylinder.

while the approximate Eq12) gives

aw
4 1
The second zero of the Bessel functibncorresponds to the
modes; and the approximate valuer®4, given by Eq(19),

differs from it by less than 3 percent, while the error in the |
next value is less than 3 parts in 1000.

U,=nm+ n=0,1,2,.... (29

J. D. AchenbachWave Propagation in Elastic Solid@North-Holland,
Amsterdam, 1980

2R. D. Mindlin, “Waves and vibrations in isotropic elastic plates,”Hirst
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Acoustic field induced in spheres with inhomogeneous density
by external sources
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Acoustic or electromagnetic fields induced in the interior of inhomogeneous penetrable bodies by
external sources can be evaluated via well-known volume integral equations. For bodies of arbitrary
shape and/or composition, for which separation of variables fails, a direct attack for the solution of
these integral equations is the only available approach. In a previous paper by the same authors the
scalar (acousti¢ field in inhomogeneous spheres of arbitrary compressibility, but with constant
density, was considered. In the present one the direct hy@analytical-numericalmethod applied

to the much simpler integral equation for spheres with constant density is generalized to densities
that vary withr, 6, or eveng. This extension is by no means trivial, owing to the appearance of the
derivatives of both the density and the unknown function in the volume integral, a fact necessitating
a more subtle and accuracy-sensitive approach. Again, the spherical shape allows use of the
orthogonal spherical harmonics and of Dini's expansions of a general type for the radial functions.
The convergence of the latter, shown to be superior to other possible sets of orthogonal expansions,
can be further optimized by the proper selection of a crucial parameter in their eigenvalue equation.
© 2004 Acoustical Society of AmericdDOI: 10.1121/1.1635410

PACS numbers: 43.20.AIGCG] Pages: 478-487

I. INTRODUCTION e ikoR
g(r,r')=
o . . . 47R
The motivation for solving the volume integral equation

for penetrable spheres with varying dengify), the general —ikg < _
mathematical difficulties of various approaches used in the = 2 (20" +1)jn(Kor <)hpr(Kor =)
past as well as the specific ones that are successfully faced n=0
by our direct hybrid approach, are discussed in a previous n’

. . n,_m, I ! !
papet and will not be repeated here. For convenience, we - %an (cose)an, (cosf’)
repeat here the general volume integral equation in m=—n (MM
L4
acoustics e (o= ¢"). 3)

Here,h,=h{®=j —in, is the spherical Hankel function and
_ b(r') r-(r.) stands for the largefsmalle) of r, r’. Again, when
(I)(r)zd)'“c(r)+f kg[b——l}d)(r’)g(r,r’)dv’ r is exterior toV Eq. (1) provides a relation for the exterior
v 0 (scattereglfield; whenr is insideV the equation stands as the
volume integral equation for the evaluation of the total inter-

+f V’-Hp—o,—l}v’d)(r’)]g(r,r’)dV’, (1)  nal field d(r).
v p(r’)
Il. TRANSFORMATION OF THE INTEGRAL EQUATION

wherep(r), b(r) are the varying density and compressibil- We first give an alternative form for the integrand(af,
ity, respectively, of the medium iV surrounded by a me- apart fromg(r,r’)

dium of constantp,, b, values. An incident fieldb™(r) b(r)
impinges onV and induces the totdunknowr) scalar field kg o 1}¢(r)+V.Hﬂ_ 1}V¢(r)]
®(r). The harmonic time dependence is exp) and 0 p(r)
b(r)p(r) } Va(r)
=kj| =———1|®(N+V[po—p(N]- ———. 4

1 — a—ikgR T _ 172
g(r.r’)=e "4mR,  R=[r—r'l, ko=w(bopo)™* This second form, which avoids second derivative®¢f),

follows easily from the differential equation th@(r) satis-
fies inV, namely

is the scalar Green’s function of free space, which can be Va(r)
p [ =—w?b(r)p(r). )

expanded in spherical coordinates as follows: p(r)
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Following now the method of analysis proposed in Ref.pose thatd,,,=d,

; this implies that for an incident plane

6, for the expression of electromagnetic field quantities inwave its direction of propagation is along tlzeaxis, kg

spheres, we expand the scalar field quantitigd.piih spheri-
cal harmonics

L[ b(r)p(r) Va(r)
ko W—l ®(r)+V[po—p(r)]- 0N

220 Z Unm(r) P (cosg)e™?, (6)
D(r)=2 X fom(r)PI(cosh)e™, (7)
DN(r)=2, D dyn(r)Ph(cosO)e™?, ®

whereg, f, andd represent the radial part of the develop-
ments of the functions of on the left-hand side; their cal-
culation is the object of the present paper. As a starting point

we further suppose thab(r) is continuous in Gr=a,
namely thatp(a—

a little while. Substituting now3) and(6)—(8) into (1), using
the orthogonality relatlons dP(cos)e™ first to integrate

,0,0)=pg; the significance of this initial
restriction, which will be lifted later, will become apparent in

=ko2, and that nop dependence is introduced in the prob-
lem via ®"%(r). Thus, the indexm disappearsf,n=f,,
Onm=0n, and Eq.(11) simplifies to

b(r)p(r) } -2 '()
bopo " p(r) "

Differentiation of f,(r) in (9) yields the simple result
fr(r)=dn(r)—ikg[hi(kor )1 a(r) +jh(Kor ) La(r)].
Substitution of(13) and(9) in (12) leads to the equation
b(r)p(r) } b(r)p(r)
- 1 -
Popo bopo

p'(r)
p(r)

gn(r)=Kk§ fl(r). (12)

(13

gn(r) =k dn(r)—ik3

X[hn(kor)ln(r)+jn(k0r)|-n(r)]_ dr,1(r)

p(

0 ())[h kOr)In(r)+Jn(k0r)Ln(r)]

(14

with respect tod’, ¢’ and then to separate the equation, welt is remarkable to observe that, as in Ref. 6, no derivatives

end ug®’ with the relation

fnm(r):dnm(r)_iko[hn(kor)lnm(r)+jn(k0r)|—nm(r)(]91)

where, as in Ref. 6, we define

|nm(r):fognm(l”)jn(kol")l"zdr’,
a (10
an(r):f (T )hn(kor )r’2dr’.

Also, together with Eq(5) for ®(r), Eq. (4) obtains the
form

> 2 Gan(r)P(cos0)e™

n=0

3

S b(rp(r)

-3, 3 e

1 0"[Po p(l’)] afnm(r)
p(r) ar ar

1 dlpo—p(r)] ; dPp(cosh) i
rep(r) 30 nm 30

}fnm(r) PM(cos#)e™¢

PM(cosf)e™¢

im L po—p(r)]

m irTI<p
T s 6p(n) P fam(r)Pp'(cosf)e'™me .

(11)

III. INHOMOGENEITY INDEPENDENT OF 0, ¢

As in Ref. 1, we start from the simpler caggr)
=p(r), b(r)=Db(r), independent o, ¢. We further sup-
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of the unknown functiong,(r) appear in(13) or (14), a
significant fact from the standpoint of convergence of the
Dini series expansions fof,(r) and g,(r) that are intro-
duced later on. This is a clear advantage of the analytical
approach developed here over other possible analytical
and/or numerical methods. For the latter, in particular, it is
impossible to avoid the appearance of derivatives of the un-
known function®(r) in (1) or (6); this leads to complicated
relations betwee® (r) andV®(r) and to worsening of the
convergence of the whole procedure.

Before proceeding with the further treatment(df) we
develop the corresponding expression in the case of discon-
tinuousp(r) atr=a, i.e., whenp(a—)=p,# pg. This step
discontinuity inp(r) implies a delta-function behavior of its
derivative atr=a and a consequent additional contribution
to the last integral i(1) from this term. To take account of
this discontinuity, we define the density as follows:

p(r)=pc(r)+(pi— (15

where p.(r) is the continuous part op(r), with p.(a)
=po, p(a)=pq, andu(x) the unit step functionu(x)=0
for x<0 andu(x)=1 for O<x. Then

po)d(a—r).

In this ¢-independent case EL2) remains unchanged and
substitution ofp’(r) from (16) in it yields

pou(a—r),

p'(N=pc(r)—(p1— (16)

_ o[ B(p(r) } ~ fa(n)
gn(r)—ko[ bopo 1{f,(r) o)
X[pe(r)=(p1—po)d(a—r)]. (17)

The delta functionS(a—r) in (17) modifies now the deriva-
tion of (9)—(10) from (1) as follows:
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fn(f)=0|n(f)—ikoj0 r'2ga(r")jn(Kor <)hn(Kor )dr’

dn(r) —iKo[ N(KoM)Tn(r) +jn(kor ) La(r)1—ikoaZj n(Kor )Nn(Kod)

dn(r) - IkOhn( kOa)Tn(a) - ikOazhn(kOr)j n(koa)

where

Tn<r>=f(j@n(r')jn(kor')r'zdr',

a (19
En(f)=f Tn(r'Yhn(kor r'2dr’,
and
~ o B(Dp(r) ),
Gn(r)=kj “bope 1ifn(r) () fa(r). (20)

As before, we now substitute in this last equatfq(r) from
(18) andf/(r) from the same equation after differentiation

fo(r) =d}(r) =ik h) (ko Tn(r) + (Ko La(r)]

—ik3a?j}(kor)hn(koa) fla). (21

1_Po
P1

We thus obtain the final form that E¢l4) assumes in this
case

b(r)p(r

an<r>=ké{ — )—1}{dn(r>—iko[hn(korﬁn(r)

. ~ e(1)
+Jn<kor>Ln<r>]}—’;(—r){d;<r>
—ikZ[ (ko) Tn(r) +j (ko) La(r)1}

—ik3a?h,(koa)

Po
1-—|f(a
PJ (@)

pe(r)
p(r)

b(r)p(r)
bopo

(22

in which f/(a), following from (21) with L(a)=0, has the
value

X{jn(kor)ko[ _1}_J'rl1(k0r)

dn(@) —ik5ha(koa)Tn(a)

fl(a)= (23)
2.2:1

Po
0&7In 1-—

1+ik

(koa)hp(koa)

Let us observe that whepy, = pg [no discontinuity inp(r)]

we haveg, (r)=g,(r), T,=1,, L,=L,, and(22) reduces to
(14), as expected. Therefof@2) is the more general form of
the equation fofg,(r) in either case. The reader may be
further convinced that22) is the proper form of the equation
for ,(r) in the case of discontinuity,# pg, if the follow-
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1_Po
pP1

<

=

fi(a), r<a, (18a)

1_Po
P1

a, (180)

fa(a),

ing two facts are taken into accour(t) The special case
pc(r)=pg or p(r)=p; (0<r=<a) may be treated by setting
Tn(r)=Bpjn(kqr). It is then easy to prove that the correct
expression foB,,, following from separation of variables, is
obtainable by a direct solution ¢22), rather than14), fol-
lowing steps identical to those applied in the Appendix of
Ref. 1 for the special caggr)=pg. (2) In the more general
case of inhomogeneity dependent ioand 6 analyzed later
in Sec. VI, it is shown that the—corresponding (b5),
(16)—more general expression84), (55) are the correct
ones through which the boundary conditions ata are ex-
plicitly satisfied. This is shown—for anyb(r,¥),
p(r,0)—on the basis of Eqq.73)—(76), at the end of Sec.
VI.

Finally, let us observe that for an incident plane wave

da(r)=(—D)"(2n+ D)jn(kor ),
(24)
di(r)=(—1)"(2n+ 1)koj (Kol ).

IV. DEVELOPMENT OF THE RADIAL FUNCTIONS IN
DINI SERIES

Proceeding now as in Ref. 1, in connection with the
general equatiof22) we expandj,(r) in a generalized Dini
series

r

7[1#5 i (25)

Gn(r)= 2 Gn,ujn
n=1

The spherical Bessel functiong,[ y,,(r/a)] (u=1.2,...)
form a complete and orthogonal set of eigenfunctions in 0
<r=<a®?as long as the constanyg,, are chosen as the roots
of the eigenvalue equation

Here,t,, is any chosen constant; as in Ref. 1, it will be chosen
later so as to optimize the convergence of the Dini expansion
for f,(r)

©

. r
fo(r)= 2 Bnuin
u=1

Yn ,ua

. (27)

We will need, also, the expansion pf(kqr) (Ref. 1
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Jnp=

We next substitutg,(r’) from (25) in the integrals foll ,(r)

a
) o [

(28)

kOr)_ 2 Jny,Jn

a3

, (ko?in(kod) = S 10 = in-2(Fins 107

2 .
'ynp,] n( kOa) J n( koa)

g [Ynﬂ—(koa)z]ln(vnﬂ)[vnu (n=ty+1)(n+ty)]

— a3 02
_?Jn(Yn,u)

3 (n+1-t,)(n+t,)

(36)
Vo

and L, (r) of (19); following the steps of Ref. 1 we can The expression forN,, can be found in Ref. 1;
integrate on the basis of standard integral formulas for thalso,  Qu(n|u,u’)=Qu(n|u’, ;)  but  Qu(n|u,u’)

product of any two spherical Bessel functions of the same~Q,(n|x’,u). The above coefficient®, to Q, can, in gen-
order! the end result is eral, be evaluated by numerical integration. For an incident
- . - plane wave the expansiorig4) for d,(r), d;(r) are now
hn(Kor ) Tn(r) +jn(Kor )La(r) substituted in(18) which, based on orthogonality, assumes
Ly w the form
_ia Gy
T ke~ 2 1232 a’G,
0 4=1 Vnu~ Kod —A.J, +T,n 0,1, p=12,...
. r - .
X{Jn ')’n,u,a _l(koa)zjn(kor)CnM ) (29
Ap=(—1)"(2n+1)+ikea’h,(koa) ——1 fl(a)
hl (ko) T(r)+jh(kor)Ln(r)
—ik3a*T,, (37
K2 E k where the constarif, is defined in terms of th&,,, by the
O:U' 1 ynu . M
series
- r . . o
X ynﬂjn(yn#a —I(koa)3jn(k0r)CnM , (30 e 2 38
=1 ynq kgaz’
Ynu .
Chu= kna n(Ko@)jn+1(¥nw) =i+ 1(Ko@) jn( ¥ny) while f/(a) follows from (23). Observing that
h,(koa ~ a_ .
=Jn(7nu)| (ko) Tty “;Og )} n=0.1,., 'n<a>=J09n<r>Jn<kof>r2df
u=12,.. (3D So(a _ r
) ] :2 Gn,u,Jn(kOr)Jn 'yn,u,a redr
Referring now to(22), we observe that, in order to apply the =
orthogonal properties of eigenfunctiong[ y,,(r/a)] (u %
=1,2_,...), We_s_hould first evaluate the following set of ex- = 2 JnuNnuGiy (39
pansion coefficients: u=1
(r)p(r) _ r we finally get
Qa(n, M)_J Jn(Kor ){ _1}] ('}’n# )I’ dr
Po fa(@)
* __i\n + i i 2R’ ®
:z Jnst(n|/.L,S), (32) _( I) (Zn 1)kOJn(k0a) IkOhn(kOa)Ep—l‘ananan.
s=1
1-ik2a?j ! (koa) hn(ked) ?— 1}
, b(r)p(r) 1
Qa(n|p,p)= Jn 7”“a “bopg (40)
r It is useful, also, to observe that substitution Bf,, N,,
X inl Vour )r dr, (33 from (28), (36) in (39) yields
, Ta(@) hn(koa)ty+koah! (kea
a., pc(r)- r ) = n(A).-n(O)n 0 ,n(O) (41)
Qs(n,u)= an(kOr)an Ynug redr, (34 koa”  jn(koa)th+koajs(Kod)
Finally, substitution 0B, from (37), d,(r) andd(r) from
Qu(n| = faj Pc(r)J r)r dr, (24), G, (r) from (23), and the expression&9) and(30), all
stk ol n yn“a p(r) n| You' in (22), and the use of the orthogonality pf y,,(r/a)] in

J.

(35 O<r=<a leads to
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NnMGnM: kOAn[kOQl(nLU’) - QS(n|M)]

t2 az[k a%Qy(nld, u)
= o

nw=12,....

(42)
If T, from (38) andf(a) from (40) are substituted ii42),
we obtain a linear system of equations from which

are evaluated after truncation. TBg,,’s, for f,(r) then fol-
low from (37).

_a7an4(n|q1M)]1 n:O,l,...,

V. CONVERGENCE AND OPTIMUM FORM OF DINI'S
EXPANSIONS

As explained in Ref. 1 and 8, the Dini's series

r

Ynug | O=r=a

9(nN =2 Anun (43
u=1

of a functiong(r), continuous in the indicated interval con-
verges at least as far asuf/ as u—. This rate can be

further improved if the particular choice
ag'(a)

g(a)
in the eigenvalue equatid7) is made'® With this particu-

(44)

toptimum: -

lar choice the Dini expansio3) converges at least as fast

as 1k° and it may safely be differentiatéd.

As further explained in Ref. 1,]j,(x)~[sin(x
—nm/2)]/x as X—>00, while the rOOtSynM—>,u7T and, from
(36), N,
from (29) that J,,~1/u, from (32) that C,~1/u; from
(38) that the series fof,, converges as i/, and from(40)
that the series foff/(a) as 1*. All this shows thatB, N
from (37), due to the factod,,, converges as i/ as u
—oo for arbitraryt,, . If, however, the optimum value fay, is
chosen in connection with the expansi@Y) for f,(r), i.e.,
when

tn,optimum: f (@)
n

(49

the sequence @,,, and the series foir,(r) will converge at
least as 12 and 1,&3 respectively.
Indeed, setting=a in (18) and(21), we get

fo(@)=(—0)"(2n+1)jn(koa) —ikohn(koa)T ()

—iko@?j n(koa)hy (ko)

1—@}fr’1(a), (46)
P1

fl(a)=(—i)"(2n+1)Koj (ko) —ikghy(koa)Tn(a)

! p !
—ikZa?j! (koa)hn(koa) 1——° fl(a). (47

Substitutingf;(a) = —

~1/,u asu—oc. With this in mind we can deduce

f.(a)t,/a in both these expressions,

the end result is

fo(a)=—af/(a)/t,
_ (—i) (2n+l) | 9
ikoa| koahy, (koa)+ o (koa)t
Tn(a):(—i>“<2n+1)[koau'a<kma>+jn<koaﬁn] 50

ikoa| koahy, (koa)+ oL n(koa)t

Substituting these two results and the expressidn of T,
in terms ofl ,(a) in (37), we getA,=0 or

(—)"(2n+1)+ikea?h,(koa) ——1)f (a)
P1
—ikZatS CL(E”Q—O. (51)
E=

Therefore, with the choic&5) for t,,, the expression&37)
and(42) are significantly simplified as follows:

B a"Gr, 0,1 1,2 (52)
—l n= 1k /-L: 16y
nu ,yn”_kZ 2
W= 2 22 ke Qalnla )
—ayanA(n|q,,u)], n=0,1,., u=1.2,...
(53

Now, the expansion coefficien@,, are obtained by solving
the homogeneous system of E§3) together with the inho-
mogeneous equatidbl). With G, ,~1/u asu—, in gen-
eral we deduce front52) that Bnﬂ~1/,u,3. All these facts
were verified by the numerical results obtained in the special
cases considered in Sec. VI, i.e., for specific), p(r).

It is worth remarking that in Ref. 1 the evaluation tof
from (45) was based on the value bf(a—) obtained from
its relation tof,(a+) via the boundary conditions at=a;
for the latter a series expression converging gs*Wwas
obtained for the exterior field. Although the same method
could be followed here, too, the procedure adopted here pro-
vides an alternative method of evaluating tBg,’'s with
optimum convergence. Both procedures were followed in
Sec. VI for specifich(r), p(r) chosen to obtain numerical
results. The results for the,,'s were identical.

One last remark should be added here: Sify§a) and
f/(a) are unknown functions, the optimum valtig is not
immediately available for starting the numerical solution on
the basis of the reduced equatiqb4)—(53). Therefore, one
must still start with an arbitrary value ¢f and via(42) and

we obtain two linear equations which are then solved for(40) obtain the optimum valug, from (45). As in Ref. 1,

f,(a) and T n(a). With the use of the Wronskian relation
in(koa)hy(koa) = j (ko) hn(koa) = —i/kGa®,  (48)
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one may then repeat the solution with this valud pbn the
basis of the reduced equations; the advantage gained is
higher accuracy in the determination Bf , .
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VI. INHOMOGENEITIES DEPENDENT ON r, 0 in (57) would be replaced by a double one. However, apart

from the obvious additional algebraic complexity, the basic
Let us now assume thab(r)=b(r,6) and p(r)  gieps of the procedure remain the same.

=p(r,0); the more general case of, 6-, ¢ dependence will Performing the integration it67) yields
be discussed briefly later; it is not considered here to help

avoid long expressions and algebraic complexity. Continuity — f_(r)=(—i)"(2n+1)j,(Kor ) —iko[ hn(Kor )l ym(T)
of b(r,0), p(r,0) at the center of the sphere requires that

. . i 2 _ |

b(0,8), p(0,0) are constant, independent @fAlso, the dis- i (kerL _ ikoa on+1 (n—m)!
continuity of p(r,6) at r=a depends, in general, on In(kof)Lam(F)] = —5=(2n )(n+m)!
0:p(a,0)=p.(6)#py, and we may set -

p(r,0)=pc(r,0)+[p1(6)—polu(a—r), (54) Xjn(kor)hn(koa)p;ml Ioofom(@), (59)

dp(r,0) dpc(r,0 . .

pgr ) _ p";: )+[p0—p1(0)]5(a—r). (550  With Inn(r), Lam(r) as in(10) and
: 7 p1(6) —po .
These two further imply that anp:f Wan(cosa)Pg‘(cosﬁ)ste
0 1
pc(0,0) =constant p,(6) and p.(a,8)=pg. (56)
2 (n+m!

Substituting now(3), (7), and(8) in (1), using the sec-
ond expression of4) in the integrand of(1), and the or-

thogonality relations folP[(cos#)e™, we get forn=|m|, T 1 )
m=0,+1 Xf man(cose)Pg“(cose)smade. (60
1, 0 1

T 2n+1 (n—m)! Onp™ Po

Ko (n—m)!

i . .
fam(P) =dpm(r)— 7(2n+ 1) The constant§'1, can be evaluated, in general, by numerical

(n+m)! integration. Ifp,(6) = p,=constant p,, we get
a T
x{f f inkor <)ha(kor -.) P(c0s6") pm_g PiTPo 2 (ntm): 61)
070 TP 2n+1 (n—m)!Y
« 2 | gpm(r’)Pg‘(cose’)r’zsin o' dr’ deo’ Differentiating (59) with respect tar, we further obtain
p=|m . e H /
7, frm(1)=(=1)"(2n+ 1)koj 1 (Kor ) ~ikZ[ (KoM )1 (1)
@i (kor ) (koa) | PRG0S, | K
+in(kor)Lam(1)] = ——(2n+1)

)

; frm(@)P(cosg’)sing’ do’ ¢, (n—m)!
p=[m| «
(n+m)!

po—p1(6")
p(a,0")

jg(kor)hn(koa)p;m‘ Ifhm(a).

(62

(57)

where we have set
0 As before, owing to the special form di,(kor)l,m(r)
kz[b(r,e)p(r,e)_l} £ (r)P™(cosh) +in(kor)Lym(r) in (10), no derivatives of the unknown
bopo p;ml pmoop functionsg,,m(r) enter into the expressions. Next, we expand
the radial functions in Dini series following the steps of Sec.

o0

1 dpc(r,0) ,
(1,0 C(;—rp;ml fpm(f)Pg'(cosa) v
o] . r
1 ap(r,0) < dPp(cosh) Onmlr) = 2_1 Gnmﬁln(ynﬂg ,
r?p(r,6) a6 P;ml pm(F) —— 5 = .
o0 - r
— m : o
= 2% | gpm(r)Ppm(COSH), (58) fnm(r)_luzl Br‘l,u,Jn 'yn’ua .
p=im

where the last term irf57) comes from the delta function Substitution of(63) together with expressions equivalent to

s(a—r") of (55) leading to a simple integration with respect (29-(31) in (59 and (62) and the orthogonality of
to r’, while p(alal)zpl(el) and dn(r)z(_i)n(zn Jn[yn#(r/a)] in 0<r=<a leads to eqUIvalent t(637), (38)

+1)jn(kor), as in(24). relations
We may remark at this point that the more general case

2~m
in which p andb possess an additiongl dependence would BM =AMJ, ,+ zaL”gz, (64)
require replacing58) by (11), while the simple sum ovep . " v koea
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(n—m)! integrals, while the GH‘M (m=0,=1,x2,..n=|m|,u

AR=(—1) (n+m)! =1,2,...) are obtained after truncation of the linear system of
Eq (67). What still remains to be found are the values of
(a) and =, T'n.fom(a), which appear inAT' [see
’ . pm p=Im|* np'pm
n(koé‘)p;m| T —ikGa* Ty, (65 (65)] and depend on th&'s. The simple case;(6)

= p,=constant, mentioned |661) leads to

whereT is the same a3, in (38) or (41) if Gy, Inm(@)
replaceG,,, , T,(a), respectively. -

Also, without differentiatingf,,(r) ir! (63), taking into 2 anpf[,)m(a)zrnmnfr’]m(a)
account that. ,,(a) =0 and the expressiof89) for |,(a),
we get from(62

d 62 _P1po_ 2 (ntm)!

o Gnm yn,u.jrll '}’np.i) pr 2n+1(n—mt-
o

fr(r)=koA kor)+a . (66
D) =koAin(kor) ta 2 —— 7y (69

(71)

Then, A obtains the form ofA, in (37); also (40) for
Finally, we substitute the Dini expansion®3) for  fnm(2) can be used and the solution proceeds much like the

Inm(r), Fam(r) and expressiori66) for f/ (r) in (58); we  Precedingé-independent case. Even for eachAf can be

then invoke the orthogonality oif,[ v, (1/a)] (u=1,2,..) Mmade zero Dby  properly  selecting t, optimum

in 0<r<a to obtain =[afr’]m(a)]/[fnm(a)]z~tn; this leads to a simplified set of
o m equations(67) and to improved convergence of all Dini se-

2Ny, E A 3, + a G ries that appear and of the sequem (n=1,2,..).

2n+1 . pgm\ K k Whenp(6) is not constant the previous simplifications

are no longer possible. The constafi{s(a) are not so easy

, to eliminate from the systert67). Starting from(66), how-
XQrZH(nipLu’rM )_kOp;ml A?Q?(nup|ﬂ) ever, we obtain for=a

] [

g™ Y
—a Y 2 p”—kpgﬂz(h( n,plu,u'),

fam(@)= kojrﬁ(koa)[(—i)”(

p'=1P=ImMl Yp,.,
(67) (
where, corresponding t®83)—(35), we have defined (n+m)' h,(koa) 2 3 Fg“pfém
a(m r
Q?(nvmﬂvﬂ*,):f f in YnuZ jp You'Z *
0Jo a a _ 4 Chy
o | ik2a E S a ]
r,e)p(r,0
X[kz{ ( b Z( _l:|Ppm(Cosa) - an,’}/np.jlg(’)/nlu,)
00 +a§:: szaz (72)
1 ap(r.6) dPp(cosh) K’ np 70
rp(r,0) 90 96 _ _ _
. For n=|m|,|m|+1,... this relation provides a set of
X P{(cos@)r?sinadedr, (68)  equations relating linearly thg,(a) (n=|m|) to the G, .
a ; The simpler way to handle the problem is then to consider
Q?(H,DM)IJ f in Youg i (Kol ) the frgm(g) (nm>|m|) as additional unknowns, which, to-
0.Jo gether withG,, (»=1,2,...), form an enlarged set of un-
1 apy(r.0) known coefficients that can be determined from the enlarged
’)"—pg‘(cosg) set of equationg67) and (72). Apart from computer time
p(r,0)  ar considerations this enlarged system is no more difficult to
X P™(cos@)r2singdedr, (69) handle numerically than the shorter systé&), that occurs
whenp4(6) = p,;=constant.
" Y ., r Before closing this section, two remarks are in order.
QF(n.plp,u’)= o Jo In\ g |lel Ynug The first is related to the question of the boundary conditions
atr=a. Forr=a we again may write
1 dpe(r,0) .
o(r.0) TR Pp(cos6)
, D(r)= r)PM(cosg)e'™, r=a, 73
X PM(cos@)r?singdedr. (70) (") ; % Fam(F) P ) 73

These coefficientQ?', QF, QJ' can be evaluated, for
eachm=0,%+1,*=2,..., by numerical integration of the double and as in(18b) easily obtain from(1)
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o . . . 4 T T T T T
fnm(r):(_|)n(2n+1)Jn(k0r)_|k0hn(k0r)|nm(a)
. 2
ikoa? ori1 (n—m)! . @
2 ( n )(n+m)| Jn( Oa) 91 O‘8 0.6 0'4 0.2 (3 0.2 0.4 0146 0.8 1
3 T T T T T T
. m g7/ 2 1
X 2 Trpfon(@)n(kor). 79 ) -
. L. . .2, . 91 0.8 0.6 -0f4 0.2 6 0.2 0.4 086 0.8 1
Differentiating this, we obtainf/(r), and settingr=a, % - - . ' - T
T.m(a) andf/ (a). The boundary conditions dre L ]
(c)
- 1 ad(r,0) . .
d(a,0)=>d(a,d) and ) — ;08 08 04 o2 o 02 04 06 08 1
1 r=a T T r T T
~ 1_ (d) -
1 0d(r,0)
= (795 0 l . . . . . .
Po r r—a 1 08 -06 -04 02 02 04 06 08 1

_ z/a ()((’=y=0)
The first impliesf,,(a)=f,(a@) and it is satisfied, if one

) FIG. 1. Total field ®(0,02)| insid herical inh ity described b
uses(62) and(74) for r=a. The second requires that otal field|®(0,02)| inside a spherical inhomogeneity described by

p(r)=20p, exp(—200r?), k?(r)=1000+400002, O<r=<O0.1=a, with
o koa=(a) 2.0958;(h) 4.191 69;(c) 8.3834;(d) 16.7668.

- 1 1 5
2 frm(@)PT(c0SH) —— Fr _(a)P™(cosh),
n=|m| |

p1(0) B %n: m . . . .
(76) =0.1=a. Our results are identical with the analytical ones
obtained via Martin’s analysis, confirming the correctness
> n i of our procedure. The agreement is so good that it makes the
(60), defining the constantb and the Wroskian of the

: , np: corresponding plots in Figs. 1, 2 indistinguishable from one
spherical Bessel functions. another.

This important test provides an irrefutable proof of the In Figs. 3 and 4 we next present the same results for
correctness of our approach when handling the delta functioB(r) = po[3+2 cos@(r/a))] b(r)=bg[ 7.5— 2.5 cosfr(r/
behavior ofp’(r) atr=a, namely, the incorporation d64)  3y)] 0<r/a<1. Here, contrary to the preceding case, the

and, mainly,(59) into the integral equatiofd). density p(r) is continuous ar=a. In all these cases we
The second remark, related to this last test, leads to thﬁave let the size ok,a vary from about 2 to about 17.

conclusion that an exactly similar approach can be used 10 prom the results it seems that, at least in the particular
solve the integral equatiofl) when the discontinuity of c55eg studied here, when the inhomogeneity of the sphere is
p(r,) occurs at an intermediate point=ro (0<ro<a),  not varying sharply the field in it exhibits relatively small
instead of ar =a. Step discontinuities ob(r,f) are of N0 peay values. These become smaller the greater the difference
consequence since no derivatives Il@d(r)]/dr or VB(r)  of the characteristic parametea of this region from that of
appear in(1). the outer space. On the other hand, in cases of sharp inho-
mogeneities the induced field presents sharp peak values,

and it is satisfied if, besidef,(a)=f,m(a), one invokes

VII. NUMERICAL RESULTS AND DISCUSSION

Numerical results were obtained and plotted for both :

radial andr-, 6 dependence of the inhomogeneities. As in
Ref. 1, for the simpler radial dependence we plot the magni- s . . . ) ~

5

1

.5

0

tude of the total field®| inside the inhomogeneity, versus 4.
r/a for three values of) (=0, #/2, and). Again, the maxi-

mum of |®| is close to the maximum appearing in the curves
of =0, 7, while its minimum is close to that corresponding T T AT Wy
to the curve ford= /2. This may be related to the increased g 1 : I ; . : : : : :
directionality of the radiation pattern of the external field at ~

- (b)

such wave numbers. So, the above plots provide a good .l ©

idea of field penetration in the sphere. T o e ot e o oo
At first in Figs. 1 and 2 we plot®(0,02)| (6=0,7) 1 . - , . . ; : . .

and|®(x,y,0)| (0=w/2), respectively, for various sizéga o5 (@

in the case of so-called Gaussian sphé¢Rsf. 11, p. 2018

In this case the special radial dependencep6f) and % o1 02z o3 oa o5 o6 o7 o8 oo 4

k(r) allows an exact analytical solution, based on the rfa (6=n/2)

separation of variables; so it may serve as a test C,’f OuI’EIG. 2. Total field|®(x,y,0)| inside a spherical inhomogeneity described
more general approach. We have chosen, in partlcula[,yp(r)zzopoexp(fzoorz), k2(r)=1000+40 0002, 0<r=<0.1=a, with
p(r)=20p,exp(—200r?), k3(r)=1000+400002, O<r  koa=(a) 2.0958;b) 4.191 69;(c) 8.3834;(d) 16.7668.
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0=n
14} .

1.2f 0=n/3 y

6=n/2

D'80 0.5 0.6 0.7 0.8 0.9 1
r/a

0.1 0.2 0.3 0.4

FIG. 3. Total field|®(0,02)| inside a spherical inhomogeneity described by FIG. 5. Total field|®| inside a spherical inhomogeneity describedpy)

p(r)=po[3+2 coser(r/a))], b(r)=bg[7.5—2.5 cos(r/a))],
with kea=(a) 2.0958;(b) 4.191 69;(c) 8.3834;(d) 16.7668.

O=r/a<l1,

becoming higher for more rapid variations. All these may be

=po exf(r/a)((r/a)—1)cosd], b(r)p(r)=1+[0.65-0.25 cosf(r/a))](r/a)
X (2—sin 6), with kga=2.0958.

Finally, in Fig. 5,|®| is plotted for certain values afin

attributed to localization phenomena and to trapping of théne case

incident energy.

The rate of convergence of the Dini expansions and the
corresponding matrix sizes are very close to those in Ref. 1,
for the samekya, and will not be repeated here. Suffice to

say that forkpa= 16.7668 truncation of the indexto 25 and
of u to 36 (smaller for highemn) provide for|®| accuracy of
approximately 0.1%. Fokya=2.0958 the corresponding
values aré =7 andu =7 (smaller for highen). Again,

in these cases of simple radial dependence the method
choosing the optimum value ¢f, which improves the con-

r
—— 1) cosé
a

;
p(r)=poexﬁ{5

b(r)p(r)

=1+
bopo

ry(r
0.65-0.25 co% 77—) }—(2— sin )
al|a

r
—-=<1
a

0= (77)

bfere, the small value dfya=2.0958 was chosen to reduce
matrix size, which withd dependence o, b increases sig-

vergence and the accuracy of the procedure, follows the stegficantly compared with the simple radial dependence. Fur-
developed in Ref. 1. As explained further in connection withther results, for other values o, show that they fall in

(44) and(45), the values of ,(a) andf,(a) can be obtained
via (46) and (47) without recourse to the boundary condi-
tions.

3 T T T T T T T
2 -
Al (@) |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
4 T T T T T T T T T
r ()
0 . , . . } ;
0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 [eX:] 1
E4 T T T T T T T T T
oL ©
o , . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 Q7 0.8 0.9 1
5
/\/\\“W @
0 . . [ . e
0 0.1 0.2 0.3 04 0.5 06 0.7 0.8 09 1
t/a (6=n/2)

FIG. 4. Total field|®(x,y,0)| inside a spherical inhomogeneity described
by p(r)=po[3+2 cosr(r/a))], b(r)=Dbe[7.5-2.5cosfr(r/a))], O<r/a
<1, with kpa=(a) 2.0958;(b) 4.191 69;(c) 8.3834;(d) 16.7668.
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between the plotted curves. So, those are sufficient for a
pretty accurate indication of field variation inside the sphere.

VIIl. CONCLUSIONS

Acoustic fields induced by external sources in media
with both inhomogeneous densipfr) and compressibility
b(r) have been treated by the direct hybirianalytical—
numerical method initially developed in Ref. 1 for media
with constant density,. This important extension is char-
acterized by two serious complications, absent in Ref. 1. The
volume integral equation contains now derivativesp(f),
d(r) which, unless properly handled, may appear also in the
unknown functiong,,(r) of the integrand, Eq6). First, by
the simple vector identity4) we avoid second derivatives of
®(r), expressing the integrand in terms ®fr) and V(r).
Second, based on the expressigf@ls (10) (following the
analysis in Ref. bwe develop for both the radial expansion
functions f,,,(r) of ®(r) and for f/(r), respectively, the
expansions (59) and (62) in terms of the integrand-
expansion-functiong,,(r) only, not their derivatives. This
is a clear advantage of our analytical approach over other
possible numerical methods that cannot avoid derivatives of
®(r) [and their complicated relations with values®fr)] in
the treatment of the volume integral. This successful treat-
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ment is further implemented by introducing explicitly #4) 1G. C. Kokkorakis, J. G. Fikioris, and G. Fikioris, “Field induced in inho-
and (55) the step- and the delta-function discontinuities of mogeneous spheres by external sources. |I. The scalar case,” J. Acoust.
p(r), [dp(r)]/or, respectively, ar =a. We believe that this 2300- Am.1124), 1297~13062002. '

constitutes a significant approach. The whole procedure is - € Chew.Waves and Fields in Inhomogeneous Medfan Nostrand

tested analytically against the general boundary conditions a@Reinhmd’ New York, 1990
y yag 9 y M. A. Jensen, “A recursive Green'’s function technique for acoustic scat-

r=a, foranyp(r,6), b(r, 9) ;. this successful test establishes tering from heterogeneous objects,” J. Acoust. Soc. AG8(2), 713-720

beyond any doubt the validity of our approach. Furthermore, (1903.

the same procedure may be used to treat either discontinuitA. N. lvakin, “A unified approach to volume and roughness scattering,” J.

ties of p(r) inside the sphere or the more difficult electromag- Acoust. Soc. Am1032), 827-837(1998.

netic problem. Again, the restriction to spherical shapes, as P.'M. Morse and H. Feshbacklethods of Theoretical Physi¢bicGraw-

in Ref. 1, allows use of Dini’s expansions of a general type Hilh New York, 1953. o . . .

for the radial functions. with suberior converagence over other J. G. Fikioris, “Electromagnetic field of in the source region of conti-
. ! p . g .hously varying current density,” Q. Appl. Math.IV , No. 2, 201-209

possible sets of orthogonal expansions as well as the possiq;ggq.

bility of further optimization of the convergence of the Dini 7c. wmiiler, Foundations of the Mathematical Theory of Electromagnetic

expansions. Waves(Springer, Berlin, 1969
8G. N. Watson,A Treatise on the Theory of Bessel Functiofad ed.
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Scattering of sound from axisymetric sources by multiple
circular cylinders

Scott E. Sherer®
Air Vehicles Directorate, Air Force Research Laboratory, Wright-Patterson AFB, Ohio 45433-7521
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A general analytic method for calculating the scattering of sound by multiple rigid circular cylinders
arranged in an arbitrary parallel configuration is presented. The sound scattered by this collection of
cylinders is generated by a time-periodic, spatially distributed, axisymmetric source located within
the domain of interest. A Hankel transform method is used to calculate the incident field, while
separation of variables is used to obtain the scattered fields from each cylinder in the collection. The
unknown scattering coefficients are determined through the use of general addition theorems that
allows the various fields to be readily transformed between coordinate systems. The method is
validated using various two-, three-, and four-cylinder configurations, and the number of coefficients
that must be retained in the truncated series is examined. Benchmark configurations consisting of
two- and three-cylinder systems with cylinders of varying radii are also presented. These solutions
have been used to validate computational aeroacoustic solvers developed for complex geometries.
[DOI: 10.1121/1.1641790

PACS numbers: 43.20.AIGCG] Pages: 488—-496

I. INTRODUCTION matrix inversion and iterative procedures and compared to
experimental data. The latter technique used a recursive ap-
The scattering of waves by two-dimensional circularproach based on the “T-matrix methotito formulate the
cylinders is a fundamental problem in both acoustics andcattering from an arbitrary number of general scatterers with
electromagnetics. Analytical solutions to the scattering ofa general, nonsingular incident field, although results are
plane waves by a single circular cylinder are presented bynly presented for plane-wave scattering from two spheres. A
among others, Morse and Ingarabithin the context of general classification system for the various techniques avail-
acoustics and Balarfisn electromagnetics. Single-cylinder able to solve the multiple-scattering problem as well as ad-
solutions have also been developed for incident fields othegitional references for the multiple-cylinder case is given by
than plane waves. For example, Shend&mresents a solu- E|sherbeni®
tion for the Scattering of sound generated by a Cylindrical |\/|u|tip|e_scattering phenomena have also received con-
line source from a single, rigid circular cylinder, while siderable attention as related to phononic crystals and wave
Balanis presents the solution for the equivalent electromagiocalizationt* Within this application, solution methods have
netic problem. Various authors have also developed solutiongeen developed by Kafesaki and Econonfowhich was
for single-cylinder scattering with spatially distributed ysed by Kafesaket al*® to examine the phononic properties
acoustic sources. These include Kurbat8kitho used a of air bubbles in water, and by Psarobetsal,** which was
Green'’s function approach to calculate the scattering from @mployed by Yanget al’® in their investigation of the
single, rigid, circular cylinder using a source with a Gaussiarphononic properties of tungsten carbide beads in water. Simi-
spatial distribution, and Morri$who developed via a Han- |arly, exact solutions for the localization lengths associated

kel transform approach solutions for scattering by a singlewjith a random array of air cylinders in a water medium are
acoustically permeable, circular cylinder for various spatiallypresented by Gupta and Y2.

distributed sources including Gaussian and circular disk dis- In the current Work, an ana|ytic method is deve'oped to

tributions. obtain solutions to the problem of the scattering of sound
Exact and approximate solutions have also been develenerated by two types of axisymmetric sources by multiple
oped for the scattering of plane waves by multiple parallekigig, circular cylinders of varying radii. The long axes of the
circular cylinders. One of the earliest solutions to this prOb'cyIinders are assumed to be parallel to each other, and thus
lem for rigid cylindersiwas. developed. by Twer§<wh° d?' the problem is two-dimensional. However, the distribution of
composed the total field into an incident field plus higherihe cylinders within this two-dimensional plane is arbitrary
order scattered field contributions whose coefficients wernder the constraint that they do not overlap nor are they in
determined in an iterative manner. Additional solution tech--ontact with each other. This approach, which is an extension
niques were later developed by Young and Be_rt?amjwel_l of the single-cylinder work of Morris, utilizes a Hankel
as Peterson and St In the former, acoustic scattering (ransform method to determine the incident field from a spa-
calculations for a plane wave incident upon two identicala)y distributed acoustic source. Separation of variables
rigid, circular cylinders were performed using both direct 54yides the general solution for the scattered field from each
cylinder in its own coordinate system, and cylindrical addi-
dElectronic mail: Scott.Sherer@wpafb.af.mil tion theorems are employed to allow the application of the
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boundary conditions in the various coordinate systems. The cylinder j
scattering coefficients for all cylinders are solved simulta-

neously by direct inversion, and thus the approach would be
considered a boundary value solution method per the classi
fication scheme of Ref. 10.

The solutions presented here are analytic in nature, al-
though the necessary truncation of infinite series, numerica
inversion of potentially ill-conditioned matrices, and the nu-
merical evaluation of certain integrals can result in the gen-
eration of numerical error if not addressed. Because it is
analytic, this approach is useful for establishing benchmark
scattering solutions that may be used to assess the accurai
of computational aeroacoustic solvers developed for geo-
metrically complex configuration$*°The use of solutions
generated by a spatially distributed source is preferred over :
line source or plane-wave solution for this purpose due to the
presence of a singularity in the total field for the former and
the requirement to propagate the incident wave into the do-
main of interest from beyond its boundaries when using the
total field formulation for the latter. This analytic approach _
may also prove amenable to parametric studies of the scal
tering behavior of systems involving multiple-cylinder ge-
ometries.

The following section addresses theoretical analysis, in-  cylinder i
cluding the formulation of the problem under consideration,
its analytic solution, and the acoustic source types ConSiOEIG'_ 1. S_chematic showing (;oordinate system defini_tions and ge_ometric

. . . . relationships between acoustic source located at f&irdn observation

ered. The next section contains results obtained for varioug,int at pointo, and two arbitrary cylinders labelddandj.

configurations and source frequencies, including validation

studies and investigations of some of the numerical issues

associated with this procedure. This section concludes wit§oordinate system of cylinderis given by Oj;,#;;), and

scattered and total field results obtained for two- and threelikewise the position of the cylinderin the coordinate sys-

cylinder benchmark configurations. tem of cylinderj is given by ©j; ,#;;). It is noted thatD;;
=Dj; and|y;;— ;i|= 7. The radii of the cylinders are de-
noted bya; and a;, respectively, and in general are not

Il. THEORETICAL ANALYSIS equal.

A. Problem formulation Assuming linear scattering and a time-dependent, axi-

ymmetric source of the foriB(R,t)=f(R)e™*!, the inci-

ent field satisfies the nonhomogeneous Helmholtz equation,

ere written in terms of the source coordinate system as

The problem considered here is the scattering of soun
generated from a time-periodic, axisymmetric source by a sql
of M parallel, infinitely long(i.e., two-dimensionaJ rigid,
circular cylinders. The arrangement of the cylinders and the d2@inc 1 dginc
source within the unbounded, two-dimensional domain of
interest is arbitrary, with the caveat that the cylinders may
not be in contact with nor overlap one another. This domain

initially consists of a fluid with a speed of sound given by Where f(R)=—kf(R) andk=w/c... Note that the¢ de-
C... A reference length o, given by the diameter of the Pendence has been dropped due to axisymmetry of the

largest cylinder in the collection, and a reference timg source. Similarly, the scgttgred field generated by each cyl-
given byt,.=Ie/c., have been used throughout this work inder independently satisfies the homogeneous Helmholtz

for nondimensionalization purposes. It is also assumed thagauation, written in the local, cylinder-based coordinate sys-

there is no mean flow in the domain. tem as
The geometric relationships between any two cylinders
i in thi i i PO} 1 9d7 1 DY
andj in this collection, the acoustic source centere® and il L K2DS=0, i=12,..M.
an arbitrary observation point & are given in Fig. 1. A gré T dr r2 962 b w
polar coordinate systent(, ¢;) is defined based on the cen- (2
ter of cylinderi, while a second polar coordinate system o . ] _
(r;,6;) is defined based on the center of cylingleA third The principle of superposition is used to write the total field

polar coordinate systenR(¢) is centered on the source. The @S the sum of the incident and scattered fields

- 2 inc_§
i +R iR +k-® f(R), (@D

positions of the cylinders with respect to the source are given M
in this source—bqsed polar coorqlinate system'Lasg(i.) and O=Ppincy E @S, 3)
(L;j,«)), respectively. The position of the cylindgrin the i=1
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The standard rigid-body boundary conditions applied at the “ e
surface of each cylindgrthus may be expressed in terms of H,(krj)sin(né;)= E_ 7{[(_1)"]’@51'%
these fields as m=0

o o + Kmnlcogmé;) —[(— 1)”‘ICIJmn
igl (?I'] : - z9l’j F—a J=1.2,..M. ) |Jmn]sm(m0 )} (10
b wheree,, is the Neumann factor, defined as
B. Solution development 1 m=0 a1
€Em= ’
Morris® solved Eq/(1) using a Hankel transform method "2 m=1
to determine the incident field, given in terms of the sourceq
based coordinate system as 5 ]
. cog (nm)
~ (9 = H 2 m(KDij) Im(kr)) - § TRV
) wSJQ(SR)F(S) ’Cljmn n,m( IJ)‘Jm( rJ) S|r[(nim)l/lij] ( )
(I)'”C(R):—j Z—dS, 5 . . .
0o (s*—k? It is noted that the transformations for the Hankel functions

are only valid forr;<Dj; , but that this condition will always
where F(s) is the Hankel transform of the spatial source be satisfied on the surface of the cylinders where the bound-
d|str|but|onf(R) ary conditions are evaluated provided they are neither over-
lapping nor in contact with one another.

Using the previous transformations in conjunction with
the incident and scattered fields given by E&$.and(7), the
coefficientsA,; andB,; may be determined through the ap-
and J, is the Bessel function of the first kind of ordar  plication of the boundary conditions as given by E4). on
Likewise, the solution for each scattered field may be obthe surface of each cylinder. The resultiMgequations con-
tained by solving Eq(2) using separation of variables. In- sist of infinite summations on both the left- and right-hand
voking an outgoing radiation boundary condition at infinity side of the equality, with each term possessing a factor of
for the e “! time dependency, the scattered field from thecosd)), or of sinfng,), or having no#; dependency at all
ith cylinder is written in its local coordinate system as (them=0 case. Equating on a term-by-term basis and trun-
cating the infinite series at some finite valteyields (2N
+1) equations for each cylinder, & - (2N+1) equations
for the entire cylinder set. These equations are linear with
respect to theM-(2N+1) unknown coefficientsA,; and
+Bp;sin(né)] (1) B,;, and may be expressed concisely in matrix form as

E(s)=f:RJo(sR)~f(R)dR, (6)

®F(ri,6)=AgiHo(kr) + 2, Hy(kr)[An cogn6)

whereH,, is the Hankel function of the first kind of order Zx=b. (13

The scattered field coefficients,; andBy; from EQ.(7)  The matrixz may be written in terms of12 submatrices of
are found though the application of tié boundary condi-  §imension (N+1)x(2N+1) as

tions given by Eq.(4). This is accomplished through the

application of the Graf addition theorefhyhich allows the Zn 212 0t Zam

incident and scattered fields to be written in terms of the Zo 2oy Zow

coordinate system of each cylinder in order to apply the Z=| . . . - (14
boundary conditions at its surface. Using this theorem, the ’ - )

Bessel and Hankel functions in EdS) and(7) are written in Zvr 2v2  Zum

terms of the coordinate system of cylingeas The off-diagonal submatrices;; , i #j, may be further sub-

% divided as
Jo(kR)= 2 €m(—1)™In(KLj) In(kry) s
. . S G
X[ cogma;)cogmé;) + sin(me;)sin(mé;) 1, ! !
®) where the elements of these submatrices are given by

C*:{m=0—N,n=0—N}

Z. =

ij (15

and —ege | STH{M=0-N,n=1-Nj}
_p [(C.S) |]]mn _Kjlmn - S*:{m:1_>|\|,n:0_>N}’
H,(kr)cogné)= >, 7’“{[(—1 e ¢ :{m=1-N,n=1—N}
m=0 (16)
+K:|c|mn]C05(m0 )+[( l)mIC”mn W|th
|]mn]sm(m6 )} (9) Kffmsr:+_(_1)mIC|(JCmSn+,+IC|(JCmSn ' (17)
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and from Eq.(12) The solution and right-hand-side vectors may also be ex-
pressed in block form as

(c,s)+
Ke9*r — Kijmn
ijmn (9[‘1- B - A E
ri=a; Oi
K ¥ A:1i
:EHmtn(kDij)[Jm—l(kaj)_Jm+1(kaj)] 1 :
w=| ¥ | x| B (21)
| cod(n=m) ] 18) : "ol B |
sin(n=m) ;1 Xy Bai
The submatricesZj; on the diagonal of Eq(14) are them- B:
selves diagonal matrices of the form L Ni
[HY; ] and
O p= -
cr
H; o
Zjj= Y ' (19) 1
1j Bl N
0 B |
, b=| = |=B=| & |, 22
I HYj : I H (22
St
where B 2j
, aH(kr)) k s
nj:a—rj :E[Hn—l(kaj)_Hn+l(kaj)]- L 'Nj
r.=a.
b (200 with

(23

cor Em o [ SPIm(SL)[ I 1(58) — Iy 1(s8)TF(S)  [cogmay)
I 2 Y Jo ] s2—k? s Sin(maj])

Upon solving this system of equations for the coefficients ,
Ani andB,,;, the scattered and total fields may be found via ~ ®™(R)=— 7 Ho(kR). (25
Egs.(7) and(3), respectively.
Likewise, the components making up the vedicare given
by

2

€K
15" == (= D™Ha(kL)[Im-1(kay)

C. Acoustic source types

To determine the incident field given by E¢) and the
right-hand-side vectob using the definitions in Eqs22) codma;)
and(23), a specific form ofF (s) is required. Two particular _‘]m+1(kaj)]'[sin(ma_1)- (26)
source types will be considered here: a cylindrical line .
source and a spatially distributed cylindrical source with a  The second source type considered here is a spatially
Gaussian spatial distribution. Morfigreviously considered distributed source of the form
both of these source types for the single-cylinder case, and _ — ik 2
the reader is referred there for more detail. f(R)=exp(—dR?)—F(s)= —exr{ — —) (27)

o . . 2d 4d

For the cylindrical line source, the spatial source func-
tion f(R) and its corresponding Hankel-transformed counterfor this source, the integrals in EdS) and (23) cannot be
part|~:(s) are given by integrated analytically. The approach used by Mdrdsper-

form the integration numerically is instead used with some

B ~ = tk minor modifications. In this approach, the variable of inte-
f(R)= ZWRHF(S)_ 2’ (24) grationsis replaced by a new variablesuch that
s=r—yexd — B(r—k)?], (28

where §(R) is the Dirac delta function. Integrating in the
complex plane and applying the residue theorem yields fowhere y=k/10 andB= —In(1x10 '%y)/k?. The curve de-
the incident field fined by the new variable is deformed below the real axis,
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thus by-passing the pole located stk and allowing the

(]
numerical integration to proceed. While in R&fa ten-point 1
Gauss—Legendre integration scheme was employed over in- 10%
dividual intervals of lengttk/40 along the integration path, il
here the numerical integration is performed by the software 510
packagevATHEMATICA .2 This approach allows for intervals %10“‘
of various lengths to be employed while still maintaining a =
specified error tolerance. The use of larger intervals in those 19
regions that can be numerically integratedNATHEMATICA 107"
to the specified precision decreases the time it takes to cal- il ka=w
culate the value of the integral over the entire path. Even so, 10656720 36 40 ?qo 60 70 80 90 700

with M- (N+1) integrals required to construct the right-
hand side of Eq(13), the numerical integration of EqRJ) is FIG. 2. Numerical convergence behavior for two-cylinder configuration
still the most time-consuming aspect of calculating the scatwith various values_ oka. AdD3 represents the maximum_ change for the
tering coefficients. Note that the selection of this contour istS:r'rf‘sce scaftered field between solutions generated Mitnd N+AN
not unique, and that other contours may be used to perform
the numerical integration.

mal places. Thus, the lack of accuracy in the coefficient ma-
Ill. RESULTS AND DISCUSSION trix and right-hand-side vectors did not result in large
changes in the solution, indicating that the steps taken to

All results presented in this work are normalized by the dd tential il ditioni f th i P
value of the incident field at a distand®=L, from the ?Veress potential fli-conditioning of the matrix were efiec-

source, i.e., the distance from the source to the center of the . .
Next, the issue of number of terms needed to obtain a

left-most cylinder in a given configuration. L . .
converged solution is examined. For plane-wave scattering
A. Implementation and validation from symmetric, two-cylinder configurations, Young and

- - 23 - - . -
To obtain the incident and scattered fields for the variou@ertrana and Decaniniet al.™ give empirical expressions

situations examined here, the previously presented formuld©" the value ofN as
tion was coded imMATHEMATICA . This software package was 5—-10, ka<1

used to solve the linear system of equations given by Eq. N=2ka+Q, Q= (29)
S . 0, ka>1,

(13) and to perform the necessary numerical integrations for

the cases involving the spatially Gaussian source. As disand

cussed in the Introduction, there are several issues associated N=max8[ka+4(ka) 3+ 1]}, (30)

with the numerical implementation of this approach. These
include the truncation of the infinite summations in the seriegespectively. Here, the number of terms required for a given
solution for the scattered fields and in application of the adievel of accuracy is evaluated for two particular configura-
dition theorems, the potential for the coefficient system to beaions. The first consists of three identical cylinders located at
ill-conditioned, and the numerical evaluation of the integralsthe vertices of an equilateral triangle with sides of length 3
required for the spatially Gaussian source. These issues wiind a line source located at the centroid of the configuration.
now be discussed. The second consists of two identical cylinders separated by a
The issue of ill-conditioning arises from the potential distance of 8, with a spatially Gaussian source given by Eq.
disparity in the eigenvalues of the coefficient matéxas (27), whered=25In2 located midway between them. To
additional terms are retained in the series solution for theheck convergence, the scattered field at the surface of one
scattered fields. Two methods were employed to address thif the cylinders was tracked as the valueNbivas increased
issue. First, only the minimum number of scattering coeffi-by steps ofAN. The maximum difference between the scat-
cients required to obtain a converged solution was retainedered field obtained withN coefficients and the scattered field
as the condition number of the coefficient matrix grows rap-obtained withN+ AN is plotted in Fig. 2 for the two-
idly as additional terms are included. Second, partial pivotcylinder configuration and Fig. 3 for the three-cylinder con-
ing was used in conjunction with Gaussian elimination tofiguration for various values oka. Here, AN=5 for all
find the scattered coefficients, which helps to limit anycases except theka= 16 case, in whichAN=10. Exami-
round-off erro? To test the effectiveness of these steps,nation of these figures shows that the formula given by Eq.
several of the cases shown in this work were solved using30) matches very well with the number of terms required to
various levels of precision by first calculating the elements ofbbtain a converged solution, here defined as truncation errors
the coefficient matrix and right-hand-side vector using exacof less than 10°. However, the simpler formula given by
algebra, and then evaluating them to a specified precisiokg. (29) underpredicts the number of coefficients required at
before solving the linear system. For all cases examined, thine lowest value oka= 7 and overpredict at the highest
precision of the solutions obtained was comparable to thealue ofka=16x. Thus, Eq.(30) was used to determine an
original precision used to generate the matrix elements, i.einitial value ofN to use for subsequent calculations, although
solutions generated using four digits of precision matchedlightly higher values oN were also used to verify conver-
solutions obtained with higher precision to the first four deci-gence.
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FIG. 3. Numerical convergence behavior for three-cylinder configuration
with various values oka. A®$ represents the maximum change for the
surface scattered field between solutions generated Mitgnd N+AN

terms.
——— @ ;
Various validation checks were performed on the multi- FNI A
scattering formulation presented here in order to verify its N ’
consistency. For the single-cylinder scattering case, the scat
tering coefficients from this formulation were found to de-
generate to those presented by MGdrris the rigid-body
limit. It was also verified that the formulation yielded the
same results for configurations that were different numeri-
cally but nearly identical acoustically, i.e., configurations that
have a different number of cylinders but, because of the size
and/or locations of one or more of the cylinders, appear from
an acoustic standpoint to be the same. Results from two sudhG. 5. Benchmark acoustic scattering geometrias.Two-cylinder con-
cases are shown in Fig. 4. In the first case, computed witfjguration.(b) Three-cylinder configuration.
k=87, an initially symmetric two-cylinder configuration is
degenerated into a one-cylinder configuration by fixing thesource and cylinder centgrsn the surface of a fixed cylin-
location and size of one of the cylinders and either incremeneer versus the parameterwhich controls either the distance
tally increasing the distance between the source and the othbetween the cylinders being acoustically removed and the
cylinder towards infinity or incrementally decreasing its ra-source via the formula =2", or radii of the removed cylin-

dius towards zero. The second case, vkth2m, involved  ders viaa=(3)". For all cases, the results obtained by acous-
the degeneration of an initially symmetric four-cylinder con-tically removing one or more cylinders from consideration
figuration into a symmetric two-cylinder configuration by match those obtained if the removed cylinders were never
fixing the two cylinders on opposite sides of the source angonsidered. Additional validation was also provided by com-
either increasing the distances between the source and th@rison with numerical results obtained for various two- and
other two cylinders in opposite directions, or decreasing thghree-cylinder configurations via a finite-difference time-

radii of these two cylinders. Figure 4 plots the scattered fieltjomain computational aeroacoustics cot¥.
in the backscatter directiofalong the line connecting the

A~ -

D;=0.75

b) Three-cylinder configuration

B. Two- and three-cylinder benchmark configurations

2r —O— M=2,k=8n, Lo
- G-- M2, k=8ﬁ, a—0 Two specific cases are considered here to provide bench-
1.8F v M=1, k=8, baseline mark results for use in the validation of computational aeroa-
g - _[)E' - m::' ‘;jg; ';:: coustic methods developed for complex geometfieghese
1.6r A M=2,k=2r, baseline consist of a two-cylinder configuration and a three-cylinder
w configuration as shown in Fig. 5. Both cases are symmetric
14r about the centerline axighe axis connecting the centers of
' the left-most cylinder and the souj¢céout are asymmetric
1.2¢ . . .
’_ about the perpendicular axis. Each case was solved kvith
n \_<F Sl gh s s =87 using both line and spatially distributed Gaussian
. i L sources, wheral=25In2 for the latter. Results presented

here include the scattered and total root-mean-squanes)

_ o o fields on the surface of the cylinders and the total rms fields
FIG. 4..Scattered. fleld'behawor in the backscatter direction for two- andalong the centerline. These are shown in Figs. 6 through 9
four-cylinder configurations as cylindsy are acoustically removed from

problem either by increasing the distance between the cyligdend the ~ 10r the two-cylinder configuration, and in Figs. 10 through
source [ —) or decreasing their radiia(—0). 13 for the three-cylinder configuration. It is observed that the
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FIG. 6. Scattered field on surfaces of the cylinders for the two-cylinder i istributed source
configuration shown in Fig.(5). 102’
line source and spatially distributed Gaussian source produce em1 o'l
nearly identical results everywhere except in the immediate
vicinity of the source. In this region, the total fields gener- 100k
ated by the spatially distributed source begin increasing fur-
ther away from the source center compared to the field gen- A
erated by the point source. However, the total field associated W% 0

with the distributed source remains finite everywhere, while %s

the total field for the line source becomes infinite at the b) Between cylinder | and source

source center. ) ) . ) FIG. 8. Total rms field on the centerline to the left of the source for the
For the two-cylinder configuration, the scattered fieldwo-cylinder configuration shown in Fig(&. (a) To the left of cylinder 1.

and total rms field on the surface of each cylinder are showb) Between cylinder 1 and source.

in Figs. 6 and 7, respectively. They are characterized by a

smooth variation on the insonified faces of the cylinders. The

fields on the quiet sides of the cylinders exhibit more variadated along the centerline is shown in Figs. 8 and 9. In both

tion, although the magnitude of the total field in Fig. 7 is figures, the field along the centerline between the source and

considerably less on the quiet faces compared to the insonike cylinders is highly oscillatory, with a smooth variation in

fied faces due to the higher incident field magnitudes theregeak and null magnitudes. The behavior of the total field in

Due to its larger radius, the cylinder to the left of the sourcethe shadowed regions is characterized by a slight rise in mag-

exhibits more variation, both in terms of the number of peakshityde near the cylinders followed by a gradual decline as the

and nulls in the field strength as well as the range betweegisiance from the cylinder is increased.
them, over its quiet face compared to the smaller, right-hand ¢ gcatered and total rms fields on the surfaces of the

point directly facing the source is slightly higher for the tion are shown in Figs. 10 and 11. The surface fields for the

smaller cylinder due to the greater scattered field it is ex- . . e .
. : three-cylinder case show considerably more variation with
posed to from the larger cylinder. The total rms field calcu-

angular position than was seen in the two-cylinder case, both
on the insonified facethetween approximately 143 and 323
degrees for the top-right cylindeand on the quiet faces.

el Because the cylinders to the right of the source experience
the incoming incident and scattered fields from different di-
rections, no angular symmetry exists for these two cylinders.
The centerline mean-squared total field is shown in Figs. 12
and 13 and also exhibits more complexity than was seen in
the two-cylinder case, as the magnitudes of the peaks and

1.5}

g"‘,.’ n
J .

.
Y
‘e

CYL1, Line source
CYL2, Line source
CYL1, Distributed
CYL2, Distributeq

FIG. 7. Total rms field on surfaces of the cylinders for the two-cylinder

configuration shown in Fig.(8).
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nulls themselves vary in an oscillatory manner between the
left cylinder and the source. Also, the field in the shadow
region, while still diminishing at larger distances from the

cylinder, shows additional variation due to the more complex
scattering geometry that was not seen in the two-cylinder
case.
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FIG. 9. Total rms field on the centerline to the right of the source for the
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FIG. 11. Total rms field on surfaces of the left- and top-right cylinders for
the two-cylinder configuration shown in Fig(t5.

incident field, and separation of variables to find the scat-
tered fields from each cylinder in the collection. The un-

known scattering coefficients are then determined through
the solution of a linear system of equations obtained from the
simultaneous application of boundary conditions on the sur-
faces of all cylinders. For a line source, analytic expressions
for all terms in this system of equations may be obtained,
while numerical evaluation of some integrals is required for
the spatially distributed source. Various two-, three-, and
four-cylinder symmetric configurations were examined for

validation purposes and to investigate the number of coeffi-
cients required to obtain a converged solution. Also, results
are presented for asymmetric two- and three-cylinder con-

two-cylinder configuration shown in Fig(&. (a) Between source and cyl-

inder 2.(b) To the right of cylinder 2. 0.6
0.5
04
IV. CONCLUSIONS
0.3
An analytic method for evaluating the scattered fields :
created by a collection of rigid, two-dimensional, circular %0-2
cylinders when exposed to an incident field generated by two &
types of axisymmetric sources has been developed. The o1
source types considered here include a cylindrical line source '
and a source with a Gaussian spatial distribution. The ap- L Dmesabrce e
proach uses a Hankel transform method to determine the . . . . .
-8 -7 6 , 5 4 -3
g::; , t;ne gource a) To the left of cylinder 1
, Line Source
CYL1, Distributed ~
CYL2, Distributed [
sl . Li
10 Dlir;frifaczjut;%esource
10°E
@ E
g |
180 S0’k
100;
-1 I n n 1 1 1 n n 1
107 3 2 = 0

S

b) Between cylinder 1 and the source

FIG. 12. Total rms field on the centerline to the left of the source for the
FIG. 10. Scattered field on surfaces of the left and top-right cylinders for thethree-cylinder configuration shown in Figid. (a) To the left of cylinder 1.
three-cylinder configuration shown in Fig(tb. (b) Between cylinder 1 and the source.
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Inhomogeneity and anisotropy are intrinsic characteristics of daytime and nighttime atmospheric
turbulence. For example, turbulent eddies are often stretched in the direction of the mean wind, and
the turbulence statistics depends on the height above the ground. Recent studies have shown that the
log-amplitude and phase fluctuations of plane and spherical sound waves are significantly affected
by turbulence inhomogeneity and anisotropy. The present paper is devoted to studies of the mean
sound field and the coherence functions of plane and spherical sound waves propagating through
inhomogeneous anisotropic turbulence with temperature and velocity fluctuations. These statistical
moments of a sound field are important in many practical applications, e.g., for source detection,
ranging, and recognition. Formulas are derived for the mean sound field and coherence function of
initially arbitrary waveform. Using the latter formula, we also obtained formulas for the coherence
functions of plane and spherical sound waves. All these formulas coincide with those known in the
literature for two limiting cases: homogeneous isotropic turbulence with temperature and wind
velocity fluctuations, and inhomogeneous anisotropic turbulence with temperature fluctuations only.
Using the formulas obtained, we have numerically shown that turbulence inhomogeneity
significantly affects the coherence functions of plane and spherical sound wave2004£
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PACS numbers: 43.20.Fn, 43.20.Bi, 43.28.[G40] Pages: 497-506
I. INTRODUCTION I and(p) for the case of a sound wave propagation in an
) ) atmosphere with temperature fluctuations.
The coherence functioli and the mean fieldp) are However, wind velocity fluctuations are always present

important statistical characteristics of a sound wave propag, ihe atmosphere and affect significariyand(p). Formu-

gating in a turbulent atmosphefé The values off and{p) las forI" and{p) for plane and spherical sound waves propa-

are ngeded for_ many practlcal_ applications in modern atmog']a'[ing through homogeneous isotropic turbulence with tem-
spheric acoustics. First, analytical formulas Foand(p) are

erature and wind velocity fluctuations were summarized in

used N assessing performancc_a_of acoustic arrays for_ sour%ef_ 13. Note that temperature fluctuations constitute a scalar
detection, ranging, and recognitidfi.Second, a comparison

: . random field, while velocity fluctuaitions constitute a vector
between an analytical expression foand measurements of random field: th tral tensor of velocity fluctuations i
the coherence function can be used for acoustic remote sené o l€1d; IN€ Spectral tensor ot velocily Tuctuations 15

ing of statistical characteristics of atmospheric turbulénce, 2nisotropic even for homogeneous 'S_OtrOp'c turbulence. As a
Third, theoretical estimates & are important for designing €Sult: the effects of velocity fluctuations dhand(p) are
infrasound arrays for the Comprehensive Test Ban Treatyqual|tat|vely.d|1°ferent from those of temperature quctuqtlons.
The distance between microphones in these arrays should be 1he main goal of the present paper is to generalize the
less than the coherence radius of an infrasound wave. Thef@mulas forl’ and(p) obtained for the case of sound propa-
and other applications in atmospheric acoustics make the cgation through homogeneous isotropic turbulence with tem-
herence function and the mean field one of the most imporPerature and velocity fluctuations to the case of inhomoge-
tant statistical moments of a sound field. Also note that calN€ous anisotropic turbulence.
culations of " and (p) are of interest for a relatively new Daytime and nighttime atmospheric turbulence is intrin-
field in physics: waves in random media®which has been sically inhomogeneous and anisotropic. Indeed, statistical
rapidly developing since the middle of the last century. characteristics of atmospheric turbuleriesy., the variances

In this paper, we will consider line-of-sight wave propa- of wind velocity fluctuations along different directionsig-
gation in a turbulent medium. For this case, formulas for thenificantly depend on the height above the ground. This mani-
coherence functiol' and the mean fieldp) were first de- fests statistical inhomogeneity of atmospheric turbulence.
rived for an electromagnetic wave propagating in a turbulenturthermore, these statistical characteristics are different in
atmospheré!° These formulas can also be used to describalifferent directions(e.g., the variances of velocity fluctua-
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z Note that thex axis might or might not be parallel to the
ground. Furthermore, the receivers might be located on or
above the ground. In either case, a sound wave reflected from
the ground(if there is any is neglected.

B. Starting equations
Source

The transverse coherence function of a sound feisl

Receiv;fr (x,7) defined as

. X L(x;ry,r2)=(p(X,r1)p*(x,r2)). ()

Receiver (x,7, ) Here, the bracket§ ) denote ensemble average.
A closed equation fof is derived in Ref. 20 for the case
of sound propagation in a turbulent, refractive atmosphere
Ground near an impedance boundary. This equation is derived start-
ing from the parabolic equation for sound waves and using
FIG. 1. Geometry of line-of-sight sound propagation. the Markov approximation which is widely used in waves in
random medi&® The equation is valid for sound propagation
tions are different along wind, cross-wind, and in the verticalthrough inhomogeneous anisotropic turbulence with tem-
direction, manifesting statistical anisotropy of turbulence. It perature and velocity fluctuations. For the case of line-of-
was shown in Ref. 14 that anisotropy of turbulence affectsight sound propagation, considered in the present paper, the
significantly sonic boom propagation. Furthermore, recentlosed equation foF simplifies and takes the form
studies have shown® that turbulence inhomogeneity and

anisotropy affect significantly the variances and correlation ﬂF(XWl.Fz)_ l_ 0_2_ 19_2 I+ k—zM(X'r (=0
functions of log-amplitude and phase fluctuations. Therefore, X 2k\ gr2 or3 8 S |
the derivation and analysis of formulas fbrand (p) for 2

plane and spherical sound waves for the case of inhomog
neous anisotropic turbulence, which are presented in this p
per, are important steps in developing theories of soun
propagation through a turbulent atmosphere. Note that the M(X;r1,r2)=beu(X;r1,r1) +be(X;r2,r5)
effects of turbulence anisotropy dhand(p) for the case of ]
a plane wave propagation were considered elsewHere. — 2De(X;r 1,1 2), (3)
Some results obtained in the present paper were reported @where by is the transverse effective correlation function,
meetings:81° defined by the following formula:

The paper is organized as follows. Section Il deals with , ,~ ~
starting equations of our analysis. In Sec. lll, formulas foj; T(X,ra) + ZUX(Xl’rl)) (T(X2'r2) + 2vx(x2,r2))>
the coherence functions of plane and spherical sound wav To Co To Co
are obtained. The mean sound field is considered in Sec. IV. .
The effects of turbulence inhomogeneity on the coherence = 007 X)ber(Xir1,12)- @
functions of plane and spherical sound waves are studieth Ed.(4), To andc, are the mean values of temperature and
numerically in Sec. V. The results obtained in the paper ar@diabatic sound speed, is the component of wind velocity

?—_iere x>0, k is a reference sound wave number, and the
Eunction M is given by

summarized in Sec. VI. in the direction of thex axis, andd is the delta-function.
The initial condition to Eq(2) is formulated in the plane
II. GEOMETRY OF THE PROBLEM AND STARTING x=0:
EQUATIONS
Q To(r1,r2)=T(x=0ir1,1,)=po(r) P} (r2). ®)
A. Geometry

Equation(2) for the coherence functiol’ with initial
The geometry of the problem is shown in Fig. 1. A point condition (5) cannot be solved analytically for the case of
source is located at the origin of the coordinate systeynz. inhomogeneous turbulence. In the next section, we present
The x axis is in the direction close to the geometrical centeran approximate solution of this equation.
of two receivers, which are used to measure the coherence
functionT". The receivers are located in the plateconstat || cOHERENCE FUNCTION
the points &,r,) and ,r,). Here,r=(y,z) are the trans-
verse coordinates. Temperatuféx,r) and velocityv(x,r)
fluctuations fill the half-space>0. In Egs.(1)—(5), it is convenient to introduce new trans-
We will also consider the case when a plane sound wav@erse coordinates:
is incident on this half-space from the left in the direction of
the x axis. For both plane wave and point source, the initial
sound fieldpg(r), which is not disturbed by random inho- Then,I'(X;rq,r,), T'o(r1,r2), M(X;rq,r5), andbeg(X;r1,r»)
mogeneities in a medium, is given in the plaxe0. are written asU'(x;r,+r_ /2y, —r_[2), To(r +r_/2r,

A. Approximate formula for the coherence function

r_=r1—ry, ro=(rq+ry)/2. (6)
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—r_12), M(X;r 4 +r_/2r, —r_/2), andbgg(X;r , +r_/2 variations in the outer length scale and variances with height.

—r_/2). In what follows(except Appendix B the latter four In what follows, we assume that the scalés greater
functions will be denoted ad'(x;r,,r_), I'o(r.,r_), than the size of the first Fresnel zoge/k. Using this as-
M(x;ry ,r_), andbeg(X;r o ,r_). sumption, Eq.(7) is solved in Appendix A. As a result, we
With these notations, Eq2) takes the form obtain a desired formula for the coherence function of a
ix: , 2 sound wave propagating through inhomogeneous anisotropic
M_ r i. ir —M(x;r,,r )T=0 turbulence with temperature and velocity fluctuations:
X kar_ or, e :
D reer,ro)= dr’ | dr) To(r’, ')
where
. _ . o k2
M(X;r, ,r_) beﬁ(x,r++r,/2,0)+beff(x,r+ I',/Z,O) Xex;{i(k/x)(r_—r’_)-(r+—r;)—§
—2De(X;r 1,1 2). (8)
In Ref. 15, the functiorb.eﬁ(x;rf ,F_) is expressed in terms > J'def |\~/I(x’;0,r,x’/x+rL(l—x’/x)) '
of the effective three-dimensional spectral denslty; of 0
medium inhomogeneities: (12)
De(X;T + ,L)ZZWJ dK, " T-deq(x,r, ;0K), Here, the functiorM is given by Eq(A12). Equation(12) is

(9)  valid for an arbitrary sound fielghy(r) in the planex=0.
where® . is given b Formulas for the coherence functlons of plane and s_pherlcal
eff 1S9 y sound waves are presented in the next two subsections.
q)eff(xvr+ ;KX!KJ_)
B. Plane wave
(I)T(erJr;KxaKL) 4q)xx(xar+;erKL) 2

= 5 + > + T o For the case of plane wave propagatiqgn(r)=Ag,
To Co 0~0 where A, is the amplitude of a sound field in the plare
— ! Yy — 2
NP (X,T 4 1Ko K )+ BT =Ky =K )] =0 Thereforelo(rt o) =]Aql"

We substitute the value df, into Eq. (12). Then, the

(10 integral overr’, is equal to 4r28((k/x)(r_—r")). There-
Here,®;, ®,,, and®, are the three-dimensional spectral fore, the remaining integral ovet. can be easily evaluated.
densities of fluctuations in temperature, velocity, and crossAs a result, we have
correlation between temperature and velocity. Furthermore, k2x 1~
in Egs.(9) and(10), K, andK are the components of the IPOXr ,f—):|Ao|29XF{ 8 fo dn M(ﬂX;OJ—)}-
turbulence wave vectoK =(K,,K,). The dependence of 13)
the spectral densitieb ¢, 1, d,,, andd;, onxandr, is
due to inhomogeneity of turbulence. For homogeneous turSubstituting the value d¥t given by Eq.(A12) into Eq.(13),

bulence, these spectral densities do not dependanr . , we get a final formula for the coherence function of a plane
and Eq.(10) (with ®1,=0) coincides with Eq(7.43 from  sound wave:
Ref. 13. ) 5 mk3x
Substituting the value dbeq(X;r . ,r_) given by Eq.(9) LPOGr o) =|Aol“ exg — 2 jo dﬂf dK,
into Eq. (8), we obtain
_ alKer .
MOXGT o1 2wf AK [ D (.12 +1_[2:0K ) X (1= ) Der(7x,0,0K, )| (14
+Dgg(X,r . —F_12;0K,) This equation i_s valid_for sound propagation through inho-
‘ mogeneous anisotropic turbulence with temperature and ve-
=20 TP e(x,r, ;0K )] (1)  locity fluctuations. It generalizes equations known in the lit-

erature. First, for homogeneous isotropic turbulence (E4).
coincides with Eq(7.63 from Ref. 13. Second, for homo-
geneous anisotropic turbulence, it coincides with Elp)
from Ref. 17.[Note that Eq(15) from Ref. 17 was adopted
from the literature rather than derived as in Appendix A.
Third, for inhomogeneous anisotropic turbulence with tem-
rature fluctuations only, E¢l4) is essentially the same as
g.(3.2) from Ref. 21.

Equation (7) is equivalent to Eq.2) and cannot be
solved analytically in a general case. To approximately solve
Eq. (7), let us consider the scakeof variations in the effec-
tive spectral densityb.¢(x,r . ;0,K ) with respect to the co-
ordinater , . For the case of homogeneous turbulenbeggy
does not depend on, (andx) so thata—c. For another
particular case, when the outer length scale of turbulence a
the variances of temperature and velocity fluctuations depen
only on the height above the ground, the valuaafepends
on the direction of the sound propagation path. If this path i |s
in the vertical directiona—cc. On the other hand, if the path In the approximation of a parabolic equation, a sound
is close to horizontala is of order of a vertical scale of field in the planex=0 due to a point source located at the

. Spherical wave
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origin of the coordinate System is given bpo(r) V.[CALCULA-“ONS FOR AN INHOMOGENEOUS VON
=(i/2k)8(r). Therefore, in this case, the function KARMAN SPECTRUM

FQ(r,* ,rL)=(_1/4k2) 6(r’++r’,/2)5(r’+—_r’,/2). _Substituting The derived Egs(14), (16), and(17) allow us to study
this formul§1 into E,q.(12) and calculating the integrals with the effects of turbulence inhomogeneity and anisotropy on
respect tar}, andr_, we have the coherence function and mean sound field provided that
rs(x;ry,r_) the three-dimensional spectra of inhomogeneous anisotropic
turbulence are known. The exact forms for such spectra have
not yet been developed. Therefore, to study these effects, one
needs to use model spectra of inhomogeneous and/or aniso-
tropic turbulence.

~ (15) Mann'’s spectrurff provides a model spectrum of aniso-
Replacing the functioM by its value given by Eq(A12),  tropic shear driven turbulence. Using this spectrum and Eq.
we obtain a final formula for the coherence function of a(14), the effects of turbulence anisotropy on the coherence
spherical sound wave propagating through inhomogeneougnction of a plane sound wave were studied numerically in
anisotropic turbulence with temperature and velocity fluctuaRefs. 18 and 19. The results obtained clearly show that tur-

1 F{ikryr k?x (1

= ex| — | dyM X;0,mr _
(42 X g J,97 (7%;0,9r )

tions: bulence anisotropy significantly affects the coherence of a
IS, ) plane wave. ' . .
e In this section, we will use a model inhomogeneous iso-
1 ikr.-r_ 7k (1 tropic von Kaman spectrum of velocity fluctuations to study
= exr{ — j dnf dK the effects of inhomogeneity of atmospheric turbulence on
(4mx)? X 2 Jo the mean sound field and coherence functions of plane and

spherical sound waves. Hereinafter, we ignore temperature
. (16)  fluctuations. Von Keman's form of the energy spectrum of
velocity fluctuations is given By2*

X (1= €70 ) D g 7%,0;0K )

This formula forI® also generalizes those known in the lit- oL 55
erature. For the case of homogeneous isotropic turbulence, E(K)= 55L(5) o°K>¢

Eq. (16) is the same as Eq7.71) from Ref. 13. For inho- 9wl (%) (1+K?2¢2)17e
mogeneous anisotropic turbulence with temperature fluctua-

tions only, Eq.(16) can be obtained from Eq3.29 in Ref. wherel is the gamma functiony? is the variance of a single
21. velocity component, and is a length scale that is roughly

the size of the largest eddies in the field. We refef &s the
outer length scale in the following discussion. For shear- and
IV. MEAN SOUND EIELD buoyancy-driven turbulence, the von iig@en spectrum, Eq.
(18) allows one to realistically capture the dependencef
Probably the simplest way to derive a formula for theand€ on height%3'24 This spectrum, however, does not ac-
mean sound field is to set.—oo in Eq. (14). Then, the count for anisotropy of turbulence.
left-hand side of the resulting equation can be written as a et us calculate the effective three-dimensional spectral
product of the mean sound field and its complex conjugategensityd . appearing in Eqg14), (16), and(17) for the von
(P)(P*). On the right-hand side, the term elp(-r_) can  Karman spectrum. The velocity spectrur;(K) is ex-

be omitted since it oscillates rapidly and does not contributgyressed in terms of the energy spectrirby a well-known
to the integral oveK | . As a result, we obtain the following formula:

formula for the mean sound field propagating through inho-
mogeneous anisotropic turbulence with temperature and ve- E(K)

(18

— 2 _K.K.
locity fluctuations: CI)il‘(K)_47_rK4(K i — KiKj). (19
{P(x1))=po(x.1) Using this formula and noting tha,,=®,,, we obtain the
k2 (1 following expression for the three-dimensional spectral den-
Xex;{— 7 fodnj dK | @ 7X,0;0K ) |. sity
4CI)11( 77X7010K )
@ o 7,0;0K, ) = o
Here,po(x,r) is the sound field in a medium without turbu- Co
lence. . ) -
Note that Eq(17) can also be obtained starting from Eq. _ S8(5)  o(n)KT€>(n) .
(16) for I'* and using the approach above. A more rigorous 9 (1)c2 (1+K22( 7))L

derivation of Eq.(17) is given in Appendix B. 20
Particular cases of Eq17) can be found in the litera-

ture. For the case of homogeneous anisotropic turbulence, With this effective three-dimensional spectral density,

Eqg. (17) coincides with Eq(14) in Ref. 17 and for homoge- we derive the following result for the mean sound field by

neous isotropic turbulence with E(/.60 from Ref. 13. performing the integration ove£ | in Eq. (17):
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(P(X,1))=po(X,T) 1200
F{ VAT (2)k3x fld 2 () o1 s 1000
Xexp ———— no-(nl(n)|. (21 -
1\ A2 o
I'(3)cp  Jo £ 800
[}
The plane-wave coherence function, from Ety), is § 600
N
, 2l (2)k3x g 400
CPOGre ro)=[Aol*exg —————— S
I'(3)cq 200
! 2 0 0 2000 4000 6000 8000 10000
X fo dz o=(1)€(7) Normalized range, k x
F(i) 5/6 FIG. 2. Transmission paths intersecting at a common midpoint, as used for
x{1— 6 r- r- the calculations in Figs. 3 and 4. Positive elevation anglese for the
T | 2€( 77) 5/6 £( 77) receiving array higher than the source. All dimensions are shown normalized
by the acoustic wavenumber. The height of the paths at the midpdiit is
r r =556. Sources are indicated by aix™ and centers of receiving arrays are
_ — K / _ (22) indicated by circles. The scale of the vertical axis is exaggerated for illus-
2¢(n)| Y e |’ trative purposes.
whereKs, and K5 are the modified Bessel functions. The
spherical-wave coherence function, from Etp), is k?x0?€
(P(X,1))=po(X,r)exy — Za(in | (25
s 1 ikr,or_ 2@l (k> CoB(2:5
Xre,ro)= ex - . . . .
OGre ) (47x)? X F(%)CS where B is the beta function. Note that the mean field is
independent of the elevation angle
% ld o) €( ) In contrast, the integrals in Eq§22) and (23) for the
0 noIen plane-wave and spherical-wave coherence cannot be solved

nr_
2€(n)

. (23

56 in analytical form. Furthermore, given thé¢») is an argu-
“l1— I'(1/6) [ - } [ Ur} ment of the Bessel functions, one would not expect the re-
T |24(7m) 58 €(n) sults to be independent of the elevation anglalthough the
coherence does depend 6nit can be shown from Eq22)
K nr— that the plane-wave coherence is reciprocal; that is, the co-
Y8 t(y herence ford=« is the same as fof=—a, so long as the
values of ¢, and x for the two paths match(The proof
When o2 and ¢ are constant, these expressions reduce t@imply involves changing variables fromto 7'=1—7 in
previous ones for propagation through turbulent velocitythe integral for the casé=—a, which makes the integral
fluctuations described by a homogeneous vonrka dentical to the cas@=a.) The spherical-wave coherence,
spectrumt->* however, is not reciprocal. Symmetry is broken by the factor
The height dependence of variances and length scales gfr _ under the integral, which weights turbulence properties
atmospheric turbulence, in the context of sound propagationiong the sound propagation path in different manners. Such
modeling with von Kaman's spectrum, is discussed in detail weighting is well know in theories of wave propagation
in Refs. 23 and 24. A case of particular practical importancehrough homogeneous isotropic turbulence, e.g., see Ref. 6.
is propagation through turbulence produced by a groundHowever, nonreciprocity in the spherical-wave coherence
based shear in the atmospheric surface layer. For this situgan only occur for the case of inhomogeneous turbulence.
tion, the variance is nearly independent of the heflgfrom Example calculations df P andI'®, along the family of
the ground, whereas the outer length scale is described Iytopagation paths illustrated in Fig. 2, are shown in Figs. 3
¢=Dbh, whereb=1.8 is an empirical constant. Let us con- and 4. Note that in these calculations, all of the propagation
sider propagation along a straight line through a layer withpaths have the same length and intersect at the midway point
these properties. Since the outer length scale is proportiong)=0.5). For these calculations, we have &et=10°, k¢,
to height, it varies linearly along the straight line path from =103, UZ/CgZ 10 %, andb=1.8 in Egs.(22)—(24). The co-
its value¢;=Dbh, at the start to its valué,=bh, at the end;  herence equations were integrated numerically by applying
that is, €(#7)=(1—») {1+ nf,. If we define 6 to be the the trapezoidal rule along 100 equally spaced points between
elevation angle of the path arg,= (¢, +¢,)/2 as the length =0 and »=1. Curves corresponding tor_=10,20,...,100
scale at the midpoint, we have gir(h,—hy)/x and, there-  are shown. As expected, the calculations Fér (Fig. 3) do
fore, not depend on the sign @ The paths with steeper elevation
_ _ : angles have somewhat lower coherence than the nearly hori-
()= Ltmtb(n=1/2)xsin0. (24) zontal ones. The primary reason is that the steeper paths pass
The mean field is readily determined by substituting @4)  through regions having larger outer length scales, which de-
into (21) and integrating, with the result creases the coherence. The calculationsITolFig. 4) ex-
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1 1200
09 kr =10 1000
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0.8 S
To ~
< 07 £ 800
(=]
> 06F Kkr=20 D
g 05 5 600
S 04 N
s kr =30 g 400
§ 0.3 5,
0.2 200
0.1 0 0=0 b

96 -4 -2 0 2 4 6

. Normalized range, k x
Elevation angle, 6 (deg)

) ) ) FIG. 5. Transmission paths starting or ending at the ground, as used for the
FIG. 3. Normalized plane-wave coherence as a function of elevation angle:a|culations in Figs. 6 and 7. Positive elevation anglage for the receiving

The transmission paths intersect at a common midpoint as illustrated in Ficyrray higher than the source. All dimensions are shown normalized by the
2. Curves are shown for sensor separations=10,20,...,100. acoustic wavenumber. Sources are indicated by &f dnd centers of re-

ceiving arrays are indicated by circles. The scale of the vertical axis is
exaggerated for illustrative purposes.
hibit an interesting asymmetry with respect@oNegatively

inclined propagation pathsource higher than the receiving One prominent feature evident in Figs. 6 and 7 is the pres-
array) exhibit lower coherence. The change in coherence caence of slant angles for which the coherence is minimized.
be quite substantial. Atr _= 60, for example, coherence for Again, a pronounced nonreciprocity is observed in the
the #=6° path is 16% larger than for th#e=0° path, whereas spherical-wave coherence. For both the plane and spherical
coherence for th&d=—6° path is 41% smaller than for the waves, coherence minima are observed for horizontal
0=0° path. If, in this example, the sound frequency is 3 kHz,(ground-to-groungtransmission when the sensor separation
then the propagation distangewould be 1.8 km, the scale is comparable to or smaller than the length sdale As the
£, would be 18 m, and the separation between receivers separation is increased beyoiid, the coherence minima
would be 1 m. shift to slant angles slightly off the horizontal. The cause of
An additional set of calculations &t andI'®, along the  this behavior is, first, that the outer length scale of the turbu-
family of slanted paths illustrated in Fig. 5, are shown inlence is very small for ground-to-ground transmission. As a
Figs. 6 and 7. For these paths, the source is fixed at a heighésult, even for sensor separations larger than the outer
near the ground such thiat ;=10 for >0, and the receiver length scale, the coherence remains relatively high. As the
is fixed atk€,=10 for #<0. Therefore,#=0 is essentially a transmission path becomes more slanted, propagation occurs
ground-to-ground transmissio#iz>0 is a ground-to-air trans- in areas of the turbulence possessing larger outer length
mission, and<0 is an air-to-ground transmission. The scales, which causes the coherence to diminish. Eventually,
length scale for the ground-based source has the followinépr very slanted paths, a significant portion of the propaga-

dependence om: tion occurs in regions where the sensor separation is small
. compared to the outer length scale, which has the effect of
€(n) =€, +byxsine. (26)  improving coherence.
Similarly, for the ground-based receiver, we set VI. CONCLUSIONS
€(n)=€,+byxsing. 27) Line-of-sight sound propagation through inhomoge-
neous anisotropic turbulence with temperature and velocity
"Th=10 1
0.9k —— 0.9
R 0.8% __ 08F _kr=10
g 07 _ % 0.7
= 0.6“_30/-/’_— L2 06
s 05 : 8 05 k=20
g 0.4///' 2 04
Clh) ()
2 0.3 S 03
s 3
o o.2/// 0.2
0.1 ////; o
% 4 2 o0 2 4 s % = 2 o 2 4 o=
Elevation angle, 6 (deg) Elevation angle, 6 (deg)

FIG. 4. Normalized spherical-wave coherence as a function of elevatiorFIG. 6. Normalized plane-wave coherence as a function of elevation angle.
angle. The transmission paths intersect at a common midpoint as illustratethe transmission paths start or end at the ground as illustrated in Fig. 5.
in Fig. 2. Curves are shown for sensor separations=10,20,...,100. Curves are shown for sensor separatikns=10,20,...,100.
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rx;r, ,L)=f dge'?"+g(x;q,r-), (A1)

and

s

M(x;r+,r_)=J dge '9T+m(x;q,r_). (A2)

Here,g(x;q,r ) andm(x;q,r _) are the corresponding spec-

tral densities. Note that, in the integrand of E&2), the

minus sign in the exponent is chosen for convenience of

subsequent calculations.

96 4 2 0 2 4 8 Substitution of Eqs(Al) and(A2) into Eq.(7) results in
Elevation angle, 6 (deg) the following integro-differential equation for the spectral

ensityg(x;q,r_):

Coherence, | | (4n x)?

. . . _d
FIG. 7. Normalized spherical-wave coherence as a function of elevation

angle. The transmission paths start or end at the ground as illustrated in FiQ)g(X' q,r ) q dg(x;q,r ) k2
5. Curves are shown for sensor separations=10,20,...,100. LT AT f dg,g(x;0;
X k ar_ 8
fluctuations has been studied. Starting from the equations for ~ +q,r_)m(x;q,,r_)=0. (A3)

the first two statistical moments of a sound field obtained inT

. . . his equation can be written in the equivalent form:
our earlier papet® we derived equations for the coherence d q

function and the mean sound field of initially arbitrary wave- J gx 4

form propagating through inhomogeneous anisotropic turbuzy exp{r- o jaaa.r-)

lence, Egs.(12) and (17), respectively. Using the former 5

equation, we obtained formulas for the coherence functions _ k—ex ax i)

of plane and spherical sound waves, Ed<l) and (16). All 8 k oar_

these equations are new results obtained in the paper. These

equations coincide with those known in the literature in two xf do,g(X;qy+q,r _)m(X;qy,r_). (A4)
limiting cases:(a) homogeneous isotropic turbulence with

temperature and velocity fluctuations, afis) inhomoge- Indeed, by operating witk#/dx on both terms on the left-
neous anisotropic turbulence with temperature fluctuationgand side of Eq(A4), we obtain Eq(A3). In Eq. (A4), the

only. o pseudo-differential operator exp(k-d/dr_) has the fol-
Using the inhomogeneous von Kaan spectrum of ve-  |owing property:

locity fluctuations, we numerically studied the coherence
functions of plane and spherical sound waves propagating in ., Qx 9 )F(r_)z F( ax

— r_+-—1, (A5)
a turbulent atmosphere. We showed that the coherence func- k ar_

k

tions significantly depend on the turbulence inhomogeneitywherel:(r_) is an arbitrary function of _ . Using Eq.(A5),

In partlcu_lar, we revealed_ nonreciprocity for spherical Waveintegro—differential equatiofA4) can be written as
propagation: Coherence is generally better when the source

is near the ground and the receiver is elevated, rather than dg9(x;q,r - +qx/k) k? q _—
vice versa. X =73 0:9(X;0,+Q,r -

+ox/k)ym(x;qq,r - +gx/k). (A6)
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Equation(A6) is equivalent to Eq(7). Both equations cannot

This material is partly based upon work supported by thebe solved analytically in a general case of inhomogeneous
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Let us consider the spectral densityfx;q,r_) appear-
ing in Eq.(A6). Using Eq.(A2), m(x;q,r_) is expressed in
terms of the functiorM(x;r . ,r_). Then,M is replaced by

In this Appendix, we present an approximate solution ofthe right-hand side of Eq11). As a result, we have
Eq. (7). This solution is similar(but not identical to that
developed in Ref. 10. The difference between these solutions
is that we consider the case of inhomogeneous turbulence
with temperature and velocity fluctuations, while in Ref. 10
the case of homogeneous turbulence with temperature fluc- — if dr eiq-uf dK [ @ oi(X,T
tuations only was discussed. 2m i LLTem

In Eqg. (7), we express the functions(x;r, ,r_) and
M(x;r, ,r_) in the form of the Fourier integrals with respect
to the argument , : —2e' KL Dgg(x,r, ;0K ). (A7)

APPENDIX A: APPROXIMATE SOLUTION OF EQ. (7)

1 )
m(x;q,r_)= —2f dr e 9" +M(x;r,,r_)
4

+r_12;0K )+ Dg(X,r =1 _[2;0K )
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Substituting the value of the functiom into Eq. (A6), we

have
k2
- 16 | dan [ ok, [ ar gty

+q,r_+Ox/K) X e T+ [ D gu(X,T 4

ag(x;q,r—+ax/k)
X B

+(r_+xq/k)/2;0K )+ Dp(X,r 4

—(r_+xg/k)/2;0K )

—2e/Ku- (T c(x,r, ;0K,)].
(A8)

Let us consider three integrals over corresponding to
three functiongb in the square brackets in EGA8). The
last of these integrals is given by

I=—2f dr . g(x;q;+q,r_+qgx/k)

X eltrT+ K- +x0 ) _(x 1. 0K, ). (A9)

It can be shown that, in Eq$A8) and (A9), the scale of
a(x;q,+q,r - +gx/k) with respect toq, is Vk/x, which is
the inverse of the first Fresnel zone. latbe the scale of
variations of® 4(x,r . ;0,K,) with respect to the argument
r,. If a>\/x/k, the factore'd"+ in the integrand in Eq.
(A9) oscillates rapidly in the region, >a so that a contri-
bution from this region td can be ignored. In the region
r,<a, the argument, of & (xr,;0K,) can be setto 0
and the integral over, in Eq. (A9) can be evaluated:

| =—8m23(0y)g(X;0;+q,r - +ax/k)
X eiKL'(r—+xq/k)q)eﬁ(X,O;oKL)'

The other two integrals over, on the right-hand side of Eq.
(A8) can be evaluated similarly. As a result, E§8) takes
the form

(A10)

k2

ag(x;q,r _ +gx/k
LTI  gocar +auk

ax

><I\~/I(x;0,r_+qx/k), (Al11)

where

|\~/I(x;0,r_)=47rf dK [1—eKiT-]dD 4(x,0;0K ).

(A12)
Equation(A1l) can be solved fog:
g(x;q,r - +qx/k)
K2 (x  ~
=go(q,r_)exr{—§f dx'M(x";0r_+agx'/k)|.
0
(A13)

Here, the functiorgy(qg,r ) =g(x=0,9,r ). This function is
related to the functio’y by a formula similar to Eq(A1):

Lo(rs ,r_)=f dae' " go(q,r-). (A14)
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In Eq. (A13), we introduce a new variable’ =r_+gx/k:
k2 [x
g(x;q,r.)=go(q,r. —agx/k)exg — §j dx’
0

xM(x’;O,rL+q(x’—x)/k) . (A15)

In this equation, we change fromi to r_. Furthermore,
using Eq.(Al4), we expressg, in terms of ['y. Finally,
substituting the right-hand side of the resulting equation into
Eqg. (Al), we obtain a formula for the coherence function:

1
lﬂ(x;u,r,):—zJ’qu dr’ . To(r’, ,r_—ax/k)
4ar

k2
xex;{iq-(u—r;)—g

xf dx' M (x";0,r _ —q(x—x")/K)|.
0

(Al16)

In this formula, the integration variablg is replaced by a
new variabler” =r_—qx/k. With this substitution, Eq.
(A16) becomes Eq(12).

APPENDIX B: DERIVATION OF A FORMULA FOR THE
MEAN SOUND FIELD

In Appendix B, we present a derivation of a formula for
the mean sound field.

It is convenient to express the mean sound field in the
following form:

(P(x,1))=e"*A(x,r). (B1)

Here, A is the mean value of the complex amplitude of the
sound field. -

A closed equation foA was derived in Ref. 20 for the
case of sound propagation in a refractive turbulent atmo-
sphere near an impedance boundary. For the considered case
of line-of-sight sound propagation, this equation simplifies
and has the form

IAX,T) i PPA(X,T) k2b A
I 2K e +§ (X1, F)A(X,r)=0.
(B2)
In Eq. (B2), beg(X;r,r) is given by[see Eq.(9)]
beﬁ(x;r,r)=27-rj dK | ®4(X,r;0K ). (B3)

An initial condition to Eq.(B2) is formulated in the plane
x=0:
A(X=0,)=po(r). (B4)

Let us express the function?s(x,r) andbgg(x;r,r) as the
Fourier integrals:

V. E. Ostashev and D. K. Wilson: Coherence function and mean field



A(X,r)= j dge'9a(x,q), (B5)

Der(X;r,r) = f dge™'9"b(x;q), (B6)

where a(x;q) and b(x;q) are the corresponding spectral
densities. Substituting Eq&B5) and (B6) into Eq. (B2), we

obtain an integro-differential equation for the spectral den

sity a(x;q):

Ja(x,q) iga(x,q) k2
x 2k +§fdqla(x,q+q1)b(x’ql)‘°'

(B7)

Let us consider the spectral dendlit{x,q) appearing in Eq.
(B7). Using Eg. (B6), we expressb(x,q) in terms of

be#(x,q). Then, we replacbg«(x,q) by the right-hand side of
Eq. (B3). As a result, Eq(B7) takes the form

k2

7a(x.q) ig?a(x,q)
167

X 2k

xqulf dKLf dre'%Ta(x,q+0q;)
X P 4(x,r;0K,)=0. (B8)
The integral over in the integrand of this equation can be
evaluated similarly to that in EA9). The result is

fdre‘ql"a(x,q+ql)d)eﬁ(x,r;o,Kl)

=47%5(dy)a(X,q+qp) Peg(X,0;0K ).

Using this result in Eq(B8), we have

(B9)

Ja(x,q) ig%a(x,q) k2 o
T ot g (X a)be(x:0,0=0. (B10)

Here,

beﬁ(X;0,0)=27TJ dK | e(X,0;0K ). (B11)

Equation(B10) can be solved fog:

ig?x  k? [x
a(x,q)=a0(q)exr{ ok 8 fo dX,beﬁ(X,;O,O)}
(B12)

Here, the functionay(q)=a(x=0,q) is the Fourier trans-
form of po(r):

Po(r)= f dge'"ay(q). (B13

Substituting the spectral densitygiven by Eq.(B12)
into Eq. (B5) and replacind«(x";0,0) by its value from Eq.
(B11), we get
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_ wk? [x
A(x,r)=exr{—Tf dX’f dK Pen(x",0;0K )
0

X J dqgag(q)exp(ig-r —igqx/2k). (B14)
In a medium without random inhomogeneities,
D 4(x',0;0K,)=0. Therefore, the integral on the right-hand
side of Eq.(B14) is equal to the complex amplitudi(x,r)

‘of a sound field in a medium without random inhomogene-

ities. Thus, Eq(B14) can be written in the following form:

— wk? [x
0

X Ag(X,T). (B15)

A formula for the mean sound field, EqL7), can be ob-
tained by eliminatingA between Eqs(B1) and (B15).
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Experimental study of the Doppler shift generated
by a vibrating scatterer

Régis Wunenburger,? Nicolas Mujica,” and Stéphan Fauve
Laboratoire de Physique Statistique, Ecole Normale 8apee, CNRS UMR 8550, 24 rue Lhomond,
75231 Paris Cedex 05, France

(Received 9 May 2003; revised 28 October 2003; accepted 31 October 2003

We report an experimental study of the backscattering of a sound wave of fredueneysurface
vibrating harmonically at frequendy (F<f) and amplitudeA in the regime where the Doppler
effect overcomes bulk nonlinear effects. When the duratjpof the analyzed time series of the
scattered wave is small compared to the vibration period, the power spectrum of the backscattered
wave is proportional to the probability density function of the scatterer velocity, which presents two
peaks shifted fronf by roughly 2AQ/c (Q=2xF). On the contrary, whety>F 1, sidebands at
frequencied =nF (nintegey appear in the power spectrum, which are due to the phase modulation
of the backscattered wave induced by its reflection on a moving boundary. We use the backscattered
power spectrum to validate the phase modulation theory of the Doppler effect in the latter case for
2kA<1 and XA=1 (k=2=«f/c, wherec is the wave velocity and we test the validity of an
acoustic nonintrusive estimator éf as a function of power spectrum bandwidth andAoitself.

© 2004 Acoustical Society of AmericdDOI: 10.1121/1.1635414

PACS numbers: 43.20.Fn, 43.28.Py, 43.23MFH] Pages: 507-514

I. INTRODUCTION lowing us to discriminate between the two effects have been
the subject of an intense debdf&;** and it has even been

refle\clfcle?jcz‘tr}:)nr?e:sn:(r)?/ri?]en:)g'sel 2,? itsh(; Sv?gg:erussrg;t ?g;\évia\lﬁclaimed that the contribution of the Doppler effect might be
g vl y U8 Indetectablé®-! In a previous lettet> we showed that

both with electromagnetic and acoustic waves. For object : . . .
there exists a wide parameter range in which the Doppler

moving at constant velocity, it is well known that the Dop- hift ai he domi bt h £ th
pler shift, calculated by means of coordinate transformationS"t gives the dominant contribution to the spectrum of the

is proportional to the velocity. The problem is more difficult Scattered wave and studied the cross-over to the bulk domi-
when the motion is time dependent. In the case of a periodi®ated nonlinear regime.
cally oscillating object the problem was first carefully stud-  In this article we focus on the experimental situation
ied for electromagnetic wavésThe spectrum of the scat- Where the Doppler effect induced by a vibrating scatterer
tered wave is also modified due to the Doppler effect, whichovercomes bulk nonlinearities. In particular we study the
can be understood either as a nonlinear boundary conditiopackscattering of a high frequenégound wave by a plane
imposed by the moving objéector as caused from the inho- scatterer oscillating at low frequendy<f. We study the
mogeneity in time of the moving medium that supports thecharacteristic features of the Doppler effect in both the static
wave propagatioflMore precisely, the spectrum of the wave and quasi-static regimes and we validate the phase modula-
at frequencyf scattered by a sinusoidally oscillating surfacetion theory of the Doppler effect in the quasistatic regime for
at frequencyF is similar to that of a phase modulation 2kA<1 and kA=1. Many studies have been devoted to
process, i.e., sidebands at frequenciés nF (nintege) ap-  yibration measurements using ultrasonic technidde.in
pear in the spectrum of the scattered wave. particular, Huanget al. proposed an acoustic nonintrusive
In the case of acoustic scattering, the situation is Moregiimator of the scatterer oscillation amplitude based on the
complex, as the psc!llatlng scat_terer also emits a sound Wavﬁnase modulation of the backscattered wi\Eo our knowl-
at frequencyF which interacts with the scattered wave due toedge, this estimator has not been validated experimentally.

the norglllnri?rR character OI:e@dttT1et i?ua;'ﬁ';s Ofl. soun y comparing the scatterer oscillation amplitude obtained
bropagatiori. Kogers remar at the bulk nonlinéar ., in hoth the acoustic nonintrusive estimator and vibration

wave mixing produces the same sideband peaks in the spec- . .
measurements performed with an accelerometer, we verify
trum of the backscattered sound wave as the Doppler effec , . .
the accuracy of Huangt al's amplitude estimator.

Due to the lack of any decisive experiment, the criteria al- . . : .
This paper is organized as follows: in Sec. Il we present

the conditions for observing the static and quasi-static Dop-

dpermanent address: Center de Physique tiéére Optique et Hertzi- I i~ ;

p p r eff nd we recall some prediction ncernin h
enne, UniversiteBordeaux |, 351 cours de la Libstion, 33405 Talence pler effect, and we recall so e predictions CO_Ce g bot
Cedex, France. Electronic mail: r.wunenburger@cpmoh.u-bordeaux.fr Surface Doppler and bulk nonlinear effects. This helps us to

YPermanent address: Departamento aicE) Facultad de Cienciassfaasy  justify our choice of the experimental configuration, which is

Matemdicas, Universidad de Chile, Av. Blanco Encalada 2008, Santiago,presented in Sec. IIl. In Sec. IV we present the main features
Chile. Present address: Nonlinear Dynamics Laboratory, Institute for Re- f th . T . | ff
search in Electronics and Applied Physics, Bldg 223, University of Mary-0 the static and quasi-static Doppler effect. In Sec. V we

land, College Park, MD 20742. finally test the validity of a nonintrusive estimator of the
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scatterer oscillation amplitude. Conclusions are given in Sec.
VI, pPeexpi

wt+2kAsinQ(t—%H, (4)

where k=w/c is the wave number of the high frequency
incident acoustic wave. The generation of sideband peaks at
A. Static versus quasi-static Doppler effect pulsationw = n{) (nintegey in the spectrum of the backscat-

The usual picture of the Doppler effect is the constanttered wave is evidenced when transforming the latter expres-

frequency shift of an incident or emitted wave by an objectSlon to

moving at constant velocity, which we will call the static i L

Doppler effect. In the case of backscattering, the frequency ~ PPoexpi(wt) >, Jn(2kA)ex;{inQ(t— E)

shift Af encountered by the scattered wave of frequdrisy e

2fV/c. From an experimental point of view, when the veloc- where J, is the Bessel function ofith order. The sideband

ity of the scatterer varies, the latter approach remains valigheaks at frequency=nF (F=Q/27) have their amplitude

when the timescale of velocity variations is much larger tharproportional to [J,(2kA)|. For 2kA<1, J,(2kA)

the durationt, of the scattered wave time series which is ~(kA)"/n!, and the Doppler effect is considered as weak,

analyzed. For a periodic motion of frequereythis implies  i.e., the energy of the peak at frequerfan the spectrum of

to<F 1. In this case, the statistical distribution of the suc-the backscattered wave is almost equal to the energy of the

cessively measured Doppler shifts is proportional to thencident wave, and the leading sideband peaks are at fre-

probability density functiofPDF) of the object velocity. In  quency f=F. Note that the conditiorM <1 implies two

practice, sincéd andF are not commensurate, the computedpossible situations: the first B<f, thus Eq.(5) is valid for

power spectrum of the backscattered wave is the average afhy value of XA such that RA<f/F; the second ig~f,

power spectra of many successive signal time series of duhus Aw/c~AQ/c<1, and therefore Eq5) is restricted to

ration to (to>f 1) measured at random phase of the scatkA<1.

terer motion. Thus, this time-averaged power spectrum is  Finally, the general case of oblique incidence has been

expected to be proportional to the PDF of the scatterer vewidely studied theoretically®"1°?°If we define ¢ as the

locity. angle between the incident wave and the normal of the sur-
Whent, is large enough so that the scatterer velocityface, the argument of the Bessel functions of the scattered

varies during the acquisition, an analysis in terms of moduwave[Eqg. (5)] must be replaced by

lation of the time of flight of the scattered wave shows that

the wave is phase modulated. To show this, we will consider 2kA— (kz+kn)A, (6)

the unidimensional situation where a plane progressivavherek,=kcosf, k=wl/c,

monochromatic sound wave propagating at velocityn a

quiescent medium is backscattered by a plane scatterer. This k=

object has an infinite acoustic impedanc®rmal total re-

flection) and oscillates sinusoidally around its mean positionandk, =k sin 6. The argumentk,+k,,,) A depends then on

according to the trajectoryg(t)=AsinQt. We assume that andé. If F<f and if we restrict to the first sidebands, we can

the wave is emitted at timee- 7(t) by a transducer located at approximate { +n€Q)/c~w/c in (7). Thus, the argument of
a distanceL from the scatterer. The backscattered wave igshe Bessel functions results,
then detected by the same transducer at tirmgch that

Il. THEORETICAL CONSIDERATIONS

)

w+n)

2
— K )

X1

(k,+kn) A~ 2kA cosé, (8)
2 t L : .
7(t)=—|L—xXg t— ﬂ ) (1) and, for small angles, the multiplicative correction term is
c S 2 : ;
almost unity, cog~1—¢2. Thus, from an experimental

This modulation of the time of flight of the wave induces apoint of view, a simple configuration to study &<1 and
phase modulation of the backscattered wave detected atFa<f; in this case, Eq(5) holds for any value of RA such

distancel from the scatterer, such that that ZKA<f/F.
pPecexpiw(t—7(t)), 2 B. Surface quasi-static Doppler effect versus bulk
where the superscriptD” denotes the Doppler contribution nonlinear effects
to the backscattered wave.Af<L, we haver(t)~2L/c. In Due to the intrinsic nonlinear character of the conserva-

addition, if the velocity of the plate is small compared to thetion equations and to the nonlinear dependence of pressure
sound velocityc, M=A(/c<1, substitution ofr(t)~2L/c  fluctuations against density fluctuatiofes a consequence of
in the argument of the vibration amplitudg in (1) is justi-  the equation of state of the fllidsound propagation is
fied and leads to an explicit approximate expressionr(®).  nonlinear*® Thus, two collinear waves of frequencigsand
This gives a phase modulation of the form f, may interact and generate waves whose frequencies are
w t—L linear combinations of; andf,, and whose amplitudes in-
wr(t)~? L—XS<T) . 3 crease with the distance of interactio® Considering our
experiment, the nonlinear interaction of the low frequency
This is what is called the quasi-static approximation of thewavep, emitted by the vibrating scatterer and the high fre-
Doppler effect. The detected wave then rewrites quency backscattered waye, leads to the generation of
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sideband peaks in the spectrum of the detected wave. In the
case of weak nonlinear interaction, the amplitude of the first
sideband is to leading order proportional to

T1 T2

NL €
pwtﬂ.z 3(wiQ)prwL, (9)
2pcC

where e=B/2A+ 1 is the usual nonlinear parameter of the
mediun®?* (hereA should not be confused with the vibration
amplitudg. For gasese=(y+1)/2, with y=c,/c, the spe-
cific heat ratio.

Therefore, when an acoustic wave is scattered by a vi- 010 L
brating surface, both the surface Doppler effect and bulk b
non-linearities contribute to the generation of combination
frequencies. However, it has been argued that the Doppler
effect is practically always dominated by bulk non-
linearities®~'In the case of plane waves, Piquette and Van
Burert® and later Bou Mataet al*® predicted that when the
dimensionless parameter [ 1P

Po.q  2pC?A
pa)iﬂ ELpQ

(10

is large (resp. smajl compared to unity, the Doppler effect
(resp. bulk nonlinear effecis dominant. Note that in addi-
tion to the plane wave assumption, such thgt=pcvg,
these studies use the approximation that the amplitude of the
low frequency velocity field is given by the scatterer veloc-
ity, i.e., vo~AQ, obtainingY=A/ewL, where A=c/F.
Completing the experimental demonstration by Bou Métar
of the existence of two asymptotic regimes, a Doppler domi-
nant regime and a bulk nonlinearity dominant one, we
showed in our previous experimental stlfdthat the crite-
rium Y=1, expressed in its more general form E#0), is
quantitatively correct? In this article, we focus on the Dop-
pler effect, and therefore we choose an experimental con-
figuration where the conditio>1, as defined by Eq10), 1 |

is verified. . AV
ﬁ F
Ill. EXPERIMENTAL SETUP

Figure 1 displays the experimental setup. The vibratingriG. 1. Sketch of the experimental apparat04E) electromechanical vi-
scatterer consists of a square flat piston made of PMMAbration exciter(P) 17X17x1 cm PMMA piston,(A) piezoelectric acceler-
17X17 cm and 10 mm thick, located at 0 say. It is driven ometer,(T1-T2) air coupled transduceréhV) anti-vibrations supports, and

. . . . . . (F) foam anti-vibration layer. In the experiments described hére; 6,
sinusoidally by an electromechanical vibration exciter of_,_g- anq1 =280 mm. The piston displacementig(t) = A sin(Q).
Bruel & Kjaer (BK) 4808 type, at a frequendy=14 Hz and
amplitude 10°m<A<3.5x10 3m. An air coupled trans- have an energy at least 100 times smaller that the fundamen-
ducer ITC 9073d=12 mm in diameter, located at a distancetal frequency vibration. The acceleratienAQ? sin(t) of
L=28cm, generates a wave at frequeriey225kHz, inci- the scatterer is measured using a BK 4393V piezoelectric
dent on the vibrating plane with a small angle5°. It is  accelerometer and a BK 2635 charge amplifier. The accelera-
driven by the source of a high frequency spectrum analyzetion signal is processed using both an Agilent 35670A low
Agilent 3589 amplified by a NF Electronic Instruments 4005frequency spectrum analyzer and a Stanford Research Sys-
power amplifier. The incident wave on the piston is in the fartem 830 Lock-In amplifier, in order to get the displacement
field, asd?/4\ ~23.5 mm<L. The backscattered wave is de- of the scatterer af (the difference between both measure-
tected by another ITC 9073 transducer, also located at a disnents is smaller than 0.5%The power spectrum of the
tancel, and oriented with an anglé=—5°. The displace- backscattered wave is computed with the high frequency

ment of the piston is controlled by a Wavetek 395 functionAgilent 3589A spectrum analyzer. The experiment is con-
generator. This sinusoidal electric signal is amplified by atrolled by a Power PC Mac computer and the data are trans-
BK 2712 power amplifier, and the displacement is of theferred to this computer via a general purpose interface bus
form xg(t) = A sin(Q2t). We note that the vibration harmonics (GPIB) board.
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Concerning the power spectrum measurements, an im- 80
portant parameter igF, wheretg is the time duration of the
analyzed time series, arig s thus the spectral resolution -90
(SR). In practice, it is the frequency spafy,, of the Agilent & .
spectrum analyzer which is varied for a fixed number of B
points, N=401. Thus,t(}l:fsp/(N—l), and the frequency A
span takes the values 5 kHz, 2.5 kHz, 1.25 kHz, 625 Hz, ancgz
312.5 Hz, giving t;'=12.5, 6.25, 3.125, 1.5625, and

-100 L

-110

0.78125 Hz. 20 ]
Finally, in our experimen®=5° is finite but small. As e et eerne AT AT e e e mmet
discussed in Sec. II, F<f and if we restrict our analysis to -1500  -1000  -500 0 500 1000 1500

the first sidebands, the argument of the Bessel functions ap ___ frequency (Hz) -
pearing in Eq.(5) must be replaced byKA cosé [see Eq. 35 " l ' (bj‘

(8)]. This is indeed the case in our experiments, sifice
~0O(10Hz), f~0O(225kHz), and the number of analyzed
sidebands is either 5 or 11. Fér5°, the correct argument

of the Bessel functions iskA cosf#~1.99kA, which repre- (o)
sents a 0.4% error with respect t&R This error is small
compared to the errors related to the measuremenisaoid

the error ork (given by the approximation~345+5 m/s at
25°C), and it is then considered as negligible. Therefore, we

simply use the parametek? in the analysis of our experi- 1 05 0o o5 4
mental results. normalized velocity

FIG. 2. (a) Backscattered wave power spectrum dens®sSD for F
IV. MAIN CHARACTERISTIC FEATURES OF THE =5 Hz andt, 1=12.5 Hz. Frequencies are shifted by 225 kHz. (b) Ex-
DOPPLER EFFECT perimental(O) and theoreticalsolid line) PDFs of the normalized scatterer

. velocity.
A. Static Doppler effect

As explained above, whety '>F the time averaged the expected static Doppler frequency shifiA)/c. The
backscattered wave power spectrum is expected to be pr@olid line represents the expected correlation between these
portional to the PDF of the scatterer velocity. In addition, atwo quantities in the static Doppler effect regime. The sys-
static Doppler shift can be detected only if it exceeds th&ematic underestimation ok f is probably due to the fact
spectral resolution. This implies an additional condition,that the scatterer velocity is not constant during the time of
2fAQ/c>tg Y, i.e., KA>1. In our experimental setup both signal acquisition. Nevertheless, there is a satisfactory corre-
conditions are simultaneously verified fér=5 Hz andA lation between both quantities.
=1.7mm. In additionY>1, and we are then in the Doppler Figure 4 displays the backscattered wave power spectra
dominated regime.

Figure Za) displays the backscattered wave power spec- 55
trum density(PSD obtained for a low spectral resolution r
(SR) of t,'=12.5Hz, such that, *~2.5F, and a scatterer
vibration amplitudeA verifying 2kA=32.6. Thus, the condi-
tions for observing a static Doppler shift are approximately 200 *
verified. We observe that the spectrum displays two maxima,
and we define\ f as the frequency shift of these maxima; in 4§ i +
this caseA f~150 Hz. These maxima can be identified with < 150
the two maxima of the scatterer velocity PDF occurring at g [ %

T

+AQ. Its theoretical expression

1 100{
. . (11 »
ar sin(arccogxs/AQ))

is presented in Fig.(®) together with the experimental PDF .
of the actual scatterer velocity normalized by the vah{@ 500 e
=0.125m/s, obtained with the acceleration measuremen 50 100 150 200 250
done with the lock-in amplifier. Note that in Fig(&) two 2fAQ/c (Hz)

pairs of extra symmetric peaks appear at roughlyf 2and

3Af, but they are of much lower intensity. They probably FIG- 3. Ma?imn?;ff’eq”epcy t‘?hiﬂ T;aé;‘/red EO’;“ _thfh bac"sc"’;ttzre? tWave
. . ower spectru as a function o ¢ which is the expected static
correspond to the Doppler shifts of the waves which underg(Iﬁ))oppler shift obtained from acceleration measurements. Error bars corre-

mUltiple rEﬂeCt?onS on the sca}ttgrer. . spond to the frequency resolutidg'=12.5 Hz andF =5 Hz. Solid line
Figure 3 displays the variations dff as a function of representa\ f=2AQf.

PDH xs/AQ]=
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FIG. 4. Backscattered wave power spectraffer5 Hz andty '=12.5 Hz -130 £ 3
(1), 6.25 Hz(2), 3.125 Hz(3), 1.5625 Hz(4), and 0.78125 H%5). Frequen- 140 E ]
cies were shifted by= 225 kHz. Curve$3)—(5) have been shifted down by 3 E
5, 15, and 40 dB, respectively, for a better display. -150 L : L ' L : .
-70 T T T T T T T T
obtained for various spectral resolutions ranging frtgﬁ 80 | (c)_:
=12.5t0 0.78125 Hz. For a larger SB,'=6.25 Hz=F, the -90 | E
condition of static Doppler effect is not verified, and curve 2 & 40 £ E
of Fig. 4 displays several peaks between the two maxima of & 110 ; ]
curve 1. The number of peaks increases with the spectraQ 3 E
resolution (curves 3 and Yuntil the frequency difference a. 120 3 ‘
between two peaks drops =5 Hz (curve 5. As we ex- -130 ¢ 7
plain in the following, this can be understood in the frame of -140 | A
the quasi-static Doppler effect presented in Sec. Il. Notethat 460 £, . v o o0 oy ooy,
80 60 -40 -20 0 20 40 60 80

whereas in the static Doppler effect regime the frequency
difference between two peaks in the scattered wave powei
spectrum is determined by the scatterer oscillatiefocity

frequency (Hz)

FIG. 5. Power spectra of the wave scattered by the vibrating plate as a

amplitude in the quasi-static Doppler effect regime it is de- function of the dimensionless vibration amplitudie/2=0.39 (a), 1.17 (b),

termined by the scatterer oscillatidrequency

and 2.34(c) (k is the wave number of the incident wave of high frequency

f). Frequencies were shifted By=225 kHz. For the calculation df= w/c
we usedc =345 m/s for air at ambient temperatufg=25+1 °C.

B. Quasistatic Doppler effect

In this section we present experimental results concerneellation of the central peak occurs &&~2.3, as shown in

ing the quasi-static Doppler effect. We show that in our cur-Fig. 5(c), where the central peak has decreased by approxi-
rent experimental configuration, which is slightly different mately 30 dB with respect to its initial value.
than in Ref. 12, the Doppler effect overcomes bulk nonlin- Figure 6 displays the variations of the normalized am-
earities in the generation of the sidebandd anF of the  plitudesp,=p,+na/Peo Of the side-bands measured in the
backscattered wave. Although the prediction of the phaspower spectrum of the backscattered wave as a function of
modulation theory concerning the amplitude of the first side2kA, in both the weak(a), 2kA<1, and strongb,c), 2kA
band is often used in the “weak regimek2<1 in various =1, regimes. Normalization is done using the amplitpgg
applications;>~8 the phase modulation theory has neverof the wave backscattered on the motionless pigtailed
been experimentally verified, especially in the “strong re-hereafter the reference wagveComparison with the predic-
gime” 2kA=1. tions of phase modulation theory, i.e., with the absolute val-
Three pressure power spectra of the backscattered wawees of the Bessel functions, shows excellent agreement, ex-
computed forf=225kHz, F=14Hz, and three different cept for high order sidebands when their amplitude is close
values of the dimensionless amplitudk/&Rare displayed in to the background noisé&his is for p,<—65dB, i.e.,p,
Fig. 5. (For the calculation ok=w/c we usedc~345m/s <6x10 %). For 2kA small, the amplitude of the sidebands
for air at ambient temperatuiig,= 25+ 1 °C.) These spectra at frequencyf =nF (n=0-5) increases likekiA)"/n!. For
are composed of pairs of symmetric peaksfatnF sur-  higher values of RA, the amplitude of the component at
rounding the central peak &tComparison of spectra 5a and frequencyf of the scattered wave decreases and we observe
b shows that the number of sidebands emerging from théhat it almost vanishes for KA~2.3 [see Figs. &) and
background noise around the central peakiatreases with  6(b)]. It then increases wherk? is increased further above
2kA, exceeding the frequency span fdt&2=1. A first can- 2.3, and then decreases and vanishes again Kér5.4.
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T ' T Another way to check that the Doppler effect is domi-
nant versus bulk acoustic nonlinearities is to vary the vibra-
tion frequency, always keeping>1, and to show that the
sideband amplitudep,, scale like A, independently offF.
This is indeed the case in our experimental configuration.
Thus, the Doppler effect is the dominant mechanism in the
generation of frequency combinatiohsnF. We can then
study an acoustic nonintrusive estimator of the vibration am-
plitude A, which is presented in the next section.

10%
107
103

10%
g V. TEST OF A SPECTRAL ESTIMATOR OF THE
SCATTERER HARMONIC VIBRATION AMPLITUDE

10°

Recently, Huangt al® proposed to use a mathematical
property of Bessel functions,

(b) | - 231 .n%d3(2) 12
osl ] 202 L3N(2)

I in order to define a spectral estimatrof the scatterer vi-

. ] bration amplitudeA when its motion is harmonic in the
°'6_' 4 quasi-static Doppler regime. In practice, the number of de-
< - ] tected sidebands being finite, the estimator has to be defined

04 1 with a finite number of sidebandsg:
o - o —

I o \/2;”0_ 2 EP3(2KA)
A= . 13
021 © i \/Ek s Mo opﬁ(ZkA) (

n=-n

We can then test the accuracy and validity domain of this
estimator. It is expected to be valid as long as the energy of
the undetected sidebands is small compared to the energy of
the detected ones. This can be checked by measuring the
energy of the backscattered wakeand comparing it to the
energy of the reference wa¥g,. As a matter of fact, due to

the orthogonality of the Bessel functions, the normalized en-
ergy of a wave of the form given by E) is

—= > J%(2kA)=1. (14)

As long as the undetected energy is small compared to the
one of the reference wave, we expect the estimitéo be
equal to the energy of the reference wave:

+ng
E= > pi(2kA)~Eo. (15)
n=-ng
0 2 *okpal 8 10 This reflects the fact that the phase modulation process in-

duced by the scatterer vibration does not transfer any energy
FIG. 6. Normalized pressurng,=p,+na /Puo Versus XAforn=0(0), 1 from the scatterer to the scattered wave. In fact, the energy of

(L), 2 (2), 3 (@), 4 (W), and 5(A). p,o is the amplitude of the wave  ha gidepands is pumped from the incident wave only.
backscattered on the motionless pistéa). Weak regime in logy—log;o ~

scale andb) and (c) strong regime in linear scale. Continuous lines show Figure fa) displays the average relative errafA—1
the absolute values of the Bessel functions of onder0,...,5. Note that as a function of RA for np=5 and 11, whereA is deter-

there is no adjustable parameter, ani fixed by the sound speed mined from the scatterer acceleration. The averages are per-

formed over 22 independent experimental runs for each
The same process occurs roughly periodically for the amplivalue of A. This average relative error is compared to the
tude of each peak=nF, as displayed in Fig. 6 fon  error computed using a theoretical truncated amplitude esti-
=0-5. We note that experiments were performed up tamator Ar, which is defined with the finite number of de-
2kA= 30, showing the same behavior. tected sidebands:
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[ ( ) FIG. 8. Estimated normalized acoustic enefg)E, versus XA for two
X PSD spansiy=5 (O) and 11(0J). In this case the errorbars correspond only
10° to the standard deviation of 22 independent experimental runs. Vertical
3 E dashed lines represent the valudsi2=ny.
B 10t L | nitude, as can be seen in Fig(by, where we presenf\
<< ; versusA in a log,o—log,, scalc.
' In Fig. 7(a) we observe that fony=5 (resp. 11 the
- estimation error increases above 5% whdoA25 (resp.
10° 1 5 11), in agreement with the error computed using the theoret-
] ical truncated amplitude estimaté¢/A—1. This departure
E 1 from 0 is concomitant with the saturation &f observed in
10% R R, e Fig. 7(b). These facts are due to the transfer of a significant
10° 10° 10 10° 10% part of the incident energy to undetected sidebands during
A (m) scattering. This is clearly observed in Fig. 8, which shows

FIG. 7. (a) Amplitude estimator erroi\/A—1, versus RA. The solid line the average value d/E, as a function of RA. It is com-

represents the theoretical truncated amplitude estimator error. Verticdb@red to the normalized energy computed using a theoretical
dashed lines represent the valudsA2n,. Error bars correspond to the truncated energy estimatErT/EO, defined as

errors obtained including the standard deviation of 22 independent experi-

mental runs, the errors associated to the amplitude measurements, and the -~ +ng

error associated to the value lof +1.5% forc). (b) Estimated amplitudé _T_ E J2(2kA) (17)
versusA. In this case the error bars correspond to the stafistical standard ~ Ey 7 ==p, n '

deviation of 22 independent experimental runs. In both figures, results for

two PSD spans are presentegr=5 (O) and 11(0). Here, we also find that botﬁ/Eo and ET/EO drop by more

than 5% when RA>n,.
We thus conclude that for the experimental configuration

) 1 E::finoanﬁ(ZkA) presented here, the acoustic amplitude estimator proposed in
A= e — . (16) Ref. 15 is valid in a large range of amplitudes, namely 2
V2k En=anJn(2kA) X 107 2<2kA<ng, which gives 210 3mm<A<ny/2k

~1.2mm(resp. 2.7 mmfor ng=5 (resp.ny=11). The rela-

In the range RA<n,, the estimatov&, defined in Eq. tive error onA is of the same order of magnitude as that on
(13), is found to have a satisfactory accuracy. The mearthe acceleration measurements. The lower limidd$ given
value ofA/A—1 does not exceeds 5%. The associated erroy the signal-to-noise ratilSNR) of the acceleration mea-
bars are importantof the order of 20%for 2kA~0.01, but  surements whereas the lower limit Afis given by the PSD
they decrease rapidly to a value below 5% as we incréase SNR, which is of the order of 65 dB in our present experi-
The larger errors are in fact due to the uncertainty of themental configuration. Concerning the acoustic nonintrusive
determination of the amplitude from acceleration measureestimatorA, for small amplitude measurementsk@<1)
ments at low frequencyAt both low F and lowA, the ac- the first sidebands must then satisfy,—-q/P.o=pP1/Po
celeration is quite small, of the order of X80 ?m/s.) ~kA>—65dB~6x10* in order to be resolved. Thus, to
However, the relative errors of both amplitude measureget a better resolution on the measured amplitude we have to
ments, i.e., the acceleration and nonintrusive acoustic powéncrease, i.e., to increasé&? On the other hand, to increase
spectrum estimator measurements, are of same order of mattpe upper limit of the measurable amplitude, one has to in-
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An exact analytical solution for the scattering of antiplane elastic waves by a layered elastic circular
cylinder is obtained. The solution and its degenerate cases are compared with other simpler models
of circular cylindrical scatterers. The effects of the geometrical and physical properties of the
interphase are studied. Numerical results confirm the existence of a resonance mode in which the
scatterer’s core undergoes a rigid-body motion when the outer layer of the scatterer is very
compliant. This resonance mode has been attribjtiedet al, Science289, 1734(2000] to a new
mechanism for the band gap formed in the extremely low frequency range for phononic crystals
made of layered spherical scatterers. Numerical results also show the existence of a similar
resonance mode when the outer layer of the scatterer has very high mass dens904©
Acoustical Society of America[DOI: 10.1121/1.1636465

PACS numbers: 43.20.Gp, 43.20.Fn, 43.440.GLG]| Pages: 515-522

I. INTRODUCTION dispersed particles. The author was the first to have studied

Interests in the effects of the interface between the fibeFCE.i" 1.998 the exact. angllytlcal solution fpr the duall-layer
cylindrical scatterer in his study of multiple scattering of

and the matrix in a fiber-reinforced composite material have : o . . I

a long history in the research efforts in composite materialgl"’lsnc_V_Vaves in fiber-reinforced composite materidlai

(see reviews by Yim and Williams, 1995a and by Bogen anoand Wllllams,_ 19_996" 1999b, 1990c L

Hinders, 1994 In these efforts, a fiber is often modeled as a The {ap!ollcanons of S.UCh a dual-[ayer cylindrical model
are not limited to modeling composites. At a larger scale,

layered circular elastic cylinder, with the outer layer repre- h del b dified | lindrical shell
senting the intermediate material phase that is introduceg"c" @ MOdel can be moditie ‘9 analyze cylindrical she
structures found in many civil engineering applications such

physically or chemically between the fiber and the matrix. o | :
Such a model is also suitable for analyzing a fiber that natu@S underground pipeline and cable systems, in whiclStte

rally possesses a layered structure, such as a silicon—carbi$gVe case has been of major concern from an earthquake
(SiC) fiber. engineering perspective. Furthermore, since the equation that

As a micromechanics model for composites, scatteringOverns elastiSH waves and acoustic waves is the same,
by a single fiber often serves as the basis of analysis gxtending such a model to the field of acoustics is straight-
problems concerning multiple fibers. A single layered scatforward. _ _ _
terer subjected to a plane-strain wave, often referred to as the [N @ recent study by Litet al. (2000 into the acoustic
P/SV wave (longitudinal wave, and often referred to as the Pand gap phenomenon, a structure was designed by arrang-
vertically polarized shear wave in the context of seismicind silicone-coated small lead balls in cubic array in analogy
waves, has been studied by several authors, such as Yim ari@ @ crystal structure; a new band gap was identified at a
Williams (1995a, 1995h Sinclair and Addisor{1993, and  frequency range that is significantly lower than the crystal
Bogen and Hinder$1993. These analyses result in linear structure would predict. A new mechanism in the layered
equation systems, which must be solved numerically, for thépherical scatterer had been attributed to this new phenom-
wave expansion coefficients of various wave fields. Addisorenon: acoustic energy was absorbed by the resonance be-
and Sinclair(1992 compared the measured ultrasonic re-tween the scatterer core and its springy coating. Structures
sponse spectra of a single SiC fiber embedded in a Ti matrigould be designed based on this new discovery to permit
with computed results. Chu and Rokhlini992 measured constructing the acoustic filter in the size of a fraction of the
several bulk properties of a SiC4Bi, composite. Huang Wwavelength.
et al. (1995 considered a three-layer SiC fiber-interphase  This new discovery, and its promise of novel applica-
model. tions, prompted the author to reexamine the scattering of

For the case of antiplane shear wave, often referred to agingle layered scatterer in greater detail. The purpose is to
SHwave (horizontally polarized wave in the context of seis- study whether the resonance that has been attributed to band
mic waves, only a multilayer model has been considered.gap in the extremely low frequency exists in a two-
Mal and Yang(1994 gave a computational procedure to ob- dimensional model. Furthermore, understanding of the scat-
tain a solution, while Shindo and Niw@d996 gave a recur- tering characteristics of individual scatterers is vitally impor-
sive analytical solution. Mal and Yan@ 994 also incorpo- tant for the understanding of the scattering process by
rated a multilayer model into a multiple-scattering analysismultiple scatterers, such as in the case of band gap materials.
to predict bulk properties of composites containing randomly  In this paper, an exact analytical solution for such a
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hand, the Helmholtz equation must be satisfied by waves in
all three media, and the displacement and the surface traction

Incident must be continuous across the interfaces.
Wave Without loss of generality, the incident wave is express-
ible as(Pao and Mow, 1971

¢"o= 2 Adn(knr ). @
FIG. 1. Problem configuration. n=—o
The resulting waves in the three phases are expressible as

model subjected to an arbitrary incide® wave is derived. (Pao and Mow, 1971

The solution is first compared with other simpler models of
circular cylindrical scatterers. Then, the effects of the geo- * .

metrical and physical properties of the interphase are studied ¢°= E Banl)(kmr)e‘”", 5)
through numerical examples. n=oe

II. PROBLEM DEFINITION P'= E Can(kfr)e?n(’, (6)
n=-—ow

Consider a layered circular elastic cylinder embedded in

a linearly elastic medium of infinite extent, as sketched in 2 .

Fig. 1. A time-harmonic incidenSH wave normally im- ¢'= >, [DHP(kir)+EHP (kir)1em, 7
pinges upon the scatterer, and the resulting steady-state =T

waves are sought. where ¢° is the scattered wave in the matri¢ is the re-

Denote the inner and outer radii of the cylinderaaand  fracted wave in the fiberg' is the refracted wave in the
b(b>a), respectively. Following the terminology in the interphase,),(-) is a Bessel function of the first kind, and
fiber-interphase-matrix model for composite materiaisn Hﬁl)(') and HEZ)(,) are Hankel functions of the first and
and Williams, 1995p the three phases of materials in the gecond kinds, respectively. The total wave in the matrix con-

model are identified as the fiber, the interphase, and the maysts of the incident wave plus the scattered wave; that is,
trix, respectively. Parameters associated with these phases

are signified by the subscripfsi, and m, respectively. All POBI= PNt pS, (8)

material properties are assumed to be known. h . hat th
For anSH wave scattering problem, the only nontrivial 1€ boundary conditions are that the stress component

displacement component is the out-of-plane displacemenf’rz @nd th_e displac_emerqi are continuous across both inter-
Using the polar coordinate system shown in Fig. 1, in thed@ceS ar=aandr=b. That is

steady state, the nontrivial displacement component is the (&"+ %), _p= |, —p (9)
out-of-plane component, and can be written as "~ "~
e a¢inc &(ﬁs a¢l

w=(r,0)e 't (1) 2um TR =2,U«i7 \ (10
where ¢(r, 6) is the complex amplitude satisfying the fol- r=b r=b
lowing Helmholtz equatiorisee, e.g., Pao and Mow, 1971 ¢i|r=a: ¢f|r=a, (12)

2 24 .

wherek is the wave number for shear waves,is circular 24i o :Zﬂfﬁ ' (12)

r=a r=a

frequency, and=\— 1. Equation(1) signifies that complex
notation is used. In complex notation, the physical quantity isvhere the expression fer,, in Egs.(3) has been used.
either the real or the imaginary part of the product of the  Substituting the wave expressions in E@s.through(7)
quantity’s complex amplitude and the temporal factofé,  into the boundary conditions in Eq&) through(12) gives
and the amplitude of the physical quantity equals the moduthe following linear equation system:

lus of its complex amplitude. (D (1) (2)
The complex amplitudes of nonzero stress components Hy ' (Kmb) By H(kib) Dy +H " (kib) By

can be obtained from that of the displacement as =J,(knb)A,, 13
(9 2 (9 ! i
O TR e @~ snkaHE (Keb) Byt sikiHE (Kib)D,
+ pikiHP (kD) En= ptmkmdf(Kb) Ay (14)

where u is the shear modulus.

The general solution to the Helmholtz equation in a po-
lar coordinate system is linear combinations of cylindrical
wave functions(Pao and Mow, 1971 which consist of KH®D (k (2)r /

ik @)D+ uikiH kia)E,— uksd/(kia)C
Bessel functions of various kinds as the radial factor and”' " " (k@)D ukiHi (ki) Bn— pikedn(ki@) Co
simple harmonics as the angular factor. For the problem at =0. (16)

HY(kja)D,+H'? (kia)E,—Jn(kja)Cpr=0, (15)

516  J. Acoust. Soc. Am., Vol. 115, No. 2, February 2004 Liang-Wu Cai: Scattering of layered circular elastic cylinder



IIl. ANALYTICAL SOLUTION HW-)(z)=J,(2) *iY,(2) and the following Wronskian of

The linear equation system, Eq43) through(16), can ~ Bessel functiongAbramowitz and Stegun, 1985

be solved to obtain closed-form expressions for various wave ) ) 2
expansion coefficients. W(In(2),Yn(2)) =In(2)Yn(2) = In(2) Yn(2) = —, (21)
First, Egs.(15) and (16) can be used to solved fa2,
andD,, in terms ofE, as have been used. _
- Next, substituting Eqs(17) and(18) into Egs.(13) and
Cco—_ 4l 17 (14) gives a pair of equations abo#, and E,,, which is
N gaA ™ subsequently solved. Afterwards, substituting the resulting
— expression forE, into Egs. an gives the fina
ion forg,, into Egs. (17) and (18) gi he final
D.—_ éE (18) expressions fo€,, andD,, in terms ofA,.
n AL Finally, the complete solution can be written as
whereA=4,+iA; o kM Ii(kad) ik MIo(keb)
Ar=pikedi(kia)dn(kia) — pikidu(ki) Jp(kia), (19 " kM aHE (kb) = ik MoHEP (k)
Ar= pikidp(kia) Yn(kia) — uikidn(kia) Yp(kia),  (20) o 4i i fom A
Y,(2) is a Bessel function of the second kind, and an overbar " 72ab upkaMHY' (Kyb) — wikiMoHP (kb)
denotes the complex conjugate. In the process, the relation (23

o~ k(K H (kia) — pikin(k@) R (kia) | o0
D kM HEY (k) — ki MoH (k)

e ik dn(k) HY (K@) — ik (k) HEY' (i)

=— - , (25
Tomb kM HEY (Keb) = ki MoH P (kb))
|
where asa=10um when necessary, is never explicitly used in the
computations. Unless otherwise noted, the outer radius of the
M1=AzJn(kib) = A1 Yn(kib), (26)  interphase is assumed to be-1.1a.
The incident wave is a planar wave of unit amplitude
M,=A,Jd/(kib) =AY/ (kib). (27)  propagating along the-x direction, which is expressible as
(see, e.g., Pao and Mow, 1971
IV. NUMERICAL RESULTS AND DISCUSSIONS ¢inc: e}kmxze}kmr cosf_ 2 i”Jn(kmr)e?”H. 28)

n=—o

A. Parameters

Computations are performed for a ceramic-fiber- Prior to computation, a simple criterion is established to
reinforced metal—-matrix composite system whose constitutruncate the infinite series that represent various wave fields
ents properties, after Yim and Williani995b), are listed in N EGs. (4) tr(11r)ough(7). Consider the scattered wave in Eq.
Table I. The fiber radius is primarily used as a nondimen- (5)- Since[H " (kqr)| monotonically decreases when either
sionalization length scale, whose value, which can be taken

1.2 T T T I
. . X i . . —— Layered Elastic Scatterer
TABLE I. Constituent material properties for a metal—matrix ceramic—fiber 1.0 ke —— Elastic Scatterer L
composite systertafter Yim and Williams, 1995b A Ki"gffdssﬁg
0.8
Matrix Fiber Interphase 5
(AA520 (alumina, (zirconia, 9& 0.6 - - -
Property aluminum Al,O3) Zr0y) - v/( )
0.4
Density (kg/nm) 2600 3700 6300
Young’s modulugGPa 66 360 97 0.2
Poisson’s ratio 0.31 0.25 0.33
Lame constant\ (GPa 41 144 71 o.oo 5 10 15 20 25 0 35 ) 5 50
Shear modulug (GPa 25 144 37 kna
P wave speedm/s) 5930 10800 4780
Swave speedm/s) 3110 6240 2400 FIG. 2. Far-field forward response spectrum for fiber-interphase-matrix

model (layered elastic scatteperand three other models.
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or nincreases, and>a, the series in E¢(5) can be simply  ment amplitude] ¢ versus the nondimensionalized fre-

truncated at théth term when quency k,a, for the fiber-interphase-matrix model. Also
shown for comparison are the corresponding results for sev-
IBNHE (kma) [ <. (290 eral simpler models: a circular elastic cylinder of radais
(the fiber-matrix mode] a rigid circular cylinders of radius
In the computationss =10"°. a, and a circular cylindrical void of radiua. For all these

Response spectra are computed for the following arbizases, the matrix medium remains the same. The fiber in the

trarily chosen measurement points: the far-field forward angipher-matrix model has the same properties as the fiber in the
backward measuring points arex,¥)=(50a,0) and fiber-interphase-matrix model.

(—50a,0), respectively, and the near-field measuring points  1he anaiytical solution for the fiber-matrix model in-

are (+5a,0). volves only the scattered wave in the matrix and the refracted
wave in the fiber, as expressed in E¢S). and (6), respec-
tively. If the radius of the fiber is and all other parameters

Figures 2 and 3 show the far-field and the near-fieldremain the same, the solution can be foundsa®, e.g., Pao
forward displacement response spectra; that is, the displacand Mow, 1971

B. Spectra as compared to other models

_ Mfkf‘]é(kfa)‘]n(kma)_Mmkan(kfa)‘Jrll(kma)
pikidh (k@) HP (k) = snkmdn(kr@) H ' (kpa)

AL, (30)

2i
Co=—— ; @ - (1) An- (Y
ma Mfkan(kfa)Hn (kma)_ﬂmkan(kfa)Hn (Kma)

Solutions for other two cases can be found in Pao and MowAbramowitz and Stegun, 195%or large argumentg,
(1972.

Two other models representing the degenerate cases, in HD(2)— \/ze}(z[(lﬁn),ﬂ,]ﬁ) (32
which the interphase has the same material as either the ma- " Tz '
trix or the fiber, also could have been shown in the compari- ] . .
son. For brevity, however, it suffices to note that the resultdn the far field (whenk,r is large, the total wave in the
for these degenerate cases are identical to those for the eld8atrix can be written as
tic scatterer, with proper scaling of the geometry.

Figures 4 and 5 show the far-field and the near-field

backward spectra for the displacement amplitude of the scat- oc 5 . .
tered waves; that ig¢ versuskya. + > By\/ v, g (knf —[(1+2m/a]meind — (33)
n=—ow TKm

In general, the total wave in the backward direction is
highly oscilla_tory._ This is o_lue t(_) the_ int.erference of the two From Eq.(33), in the forward directior(9=0)
waves traveling in opposite directions: the scattered wave
travels in the backward direction, whereas the incident wave |¢t0ta||forwar =1+ f1(km), (34)
travels in the forward direction.

Recall the asymptotic expressions for Hankel functionsand in the backward directiof®= )

¢totaI: eiAkmr cosé

total — e 2iknr
| ¢ |backward‘ |e m A+ fo km)| ’ @9
12 ' ' ' '
— Layered Elastic Scatterer where
rol —— Elastic Scatterer I
O 17— T . Volc}1 Scatterer
............. Rigid Scatterer
N " Layered Easic Sat
—— Layered Elastic Scatterer
—— Elastic Scatterer -
------- Void Scatterer
............. Rigid Scatterer

1\ ; f&A[}“AP‘f\f\MWLf“
VW TR Y ¥

25 30 35 40 45 50
kqa

FIG. 3. Near-field forward response spectrum for fiber-interphase-matrix-1G. 4. Far-field backward response spectrum for fiber-interphase-matrix
model (layered elastic scattejerand three other models. model (layered elastic scatteperand three other models.
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corresponding radii ratio. The displacement amplitude of the

0.5 : : : :
| —— Layered Elastic Scatterer

' -, Hlstic Soaterer total wave is shown for the forward spectrum map, but only
T T T ]~ Rigid Seatierer N the displacement amplitude of the scattered wave is shown

for the backward spectrum map.

Figure 6 provides a view of the overall trend of evolu-
tion of the second spectrum structure, which is the highly
oscillatory component as observed in Figs. 2 through 5. It is
observed from Fig. 6 that the interphase thickness, which is
b—a, has a profound effect on the secondary spectrum struc-
ture. As the interphase thickness increases, the secondary
spectrum structure starts to appear in the high-frequency re-
FIG. 5. Near-field backward response spectrum for fiber-interphase-matrigime' and gradually moves toward the lower frequency re-
model (layered elastic scattederand three other models. gime. The second oscillatory structure decreases its “period”
in the frequency space as the frequency increases.

0'3 Iv .

lo*|

0.2

0.1

0.0

0

2 * oni 4 Figure 6 also shows the existence of the third spectrum
Falkm) =\ rnE Bhe 'L2n+ bl structure that overall resembles the functional form of
m = —00
5 o ) kna(b/a—1)=constant. (37)
— i[(2n—1)/4]= ) . ..
Fa(km) = Kol nzw Bl . (30 The most noticeable one of this spectrum structure is in the

] . o forward spectrum map as a series of orange blobs centered at

Therefore, for a fixed in the frequency domain, high (kna,b/a)~(2,2), (7,1.25, (13,1.13, (19,1.09, (26,1.08,
oscillation of| @, . wardiS attributed to the term &' " if and (32,1.07. Correspondingly, it appears as blue streaks in
the functionf,(k,,) is not highly oscillatory. It follows that the backward spectrum map.
|1=f,(k,)| are the envelopes of the backward spectrum of  Additionally, it is noted that the primary oscillatory
the total displacement. For this reason, the scattered wawsructure that consistently appeared in Figs. 2 through 5 does
generally suffices for observing significant characteristics ohot leave a traceable mark in this pair of spectrum maps. The
the backward scattering. primary oscillatory structure in those figures is dictated by

Comparing the spectra for the elastic scatteffdrer-  the fiber, and theoretically would not change when any pa-
matrix mode] with those for the rigid and void scatterers in rameter of the interphase changes.
Figs. 2 through 5, it is observed that a spectrum for the  This suggests that the second and the third oscillatory
elastic scatterer has an oscillatory structure whose “period’structures are the results of the intertwining of two underly-
in the frequency domain appears to be approximately a coring oscillatory structures; one is dominated by the inner ra-
stant. On the other hand, the spectra for both the rigid andius a and the other is dominated by the outer radius
void scatterers are almost monotonic, except in the lowMWhen their periods and strengths are not drastically different,
frequency range. As compared with the rigid and void scatthe two intertwining oscillatory structures create a “beat,”
terer cases, the difference in the case of an elastic scattererrissulting in two different oscillatory structure of the charac-
that it has a refracted wave that resides within the scattereteristics of
Therefore, the oscillatory structure can be attributed to the
existence of this refracted wave.

Comparing the curves for the layered scattelféser-  The former is the third oscillatory structure as identified in
interphase-matrix modelind the elastic scatterer in Figs. 2 £q, (37), and the latter is the second oscillatory structure.
through 5, the most notable difference is that there appears to - ysing a similar visualization technique to Fig. 6, Figs. 7
be a second oscillatory structure in the spectra for the layereghg 8 are the spectrum maps when the interphase shear
scatterer. At relatively low frequencies frokga=20to 32,  modulusy; and mass density; change, respectively, while
which corresponds approximately ig(b—a)=2.2 10 3.5, g| other parameters remain unchanged.
this secondary structure appears as a smooth oscillation that |5 each spectrum map in Figs. 7 and 8, the upper and the
is superposed onto the main oscillatory structure. But, ajgwer halves of the spectrum maps appear dramatically dif-
relatively high frequencies frork,,a=42 to 45, which cor-  ferent.
responds approximately tg(b—a)=4.5 to 5, the secondary When log o ui/py)>0 or when logy(pi/py) <0, the
structure turns into sharp spikes. At even higher frequenciegyerall oscillatory structure of the spectrum is not altered in
(kma>45), the secondary structure tends to diminish. any significant way as the interphase parameter, either the
shear modulug; or the mass density;, is changed. Spe-
cifically, when the interphase is lighter than the matrix, the

Figure 6 shows the far-field spectrum maps when thanass density of the interphagghas negligible effects on the
ratio of the outer and inner radi/a changes while all other spectrum; when the interphase is stiffer than the majtjx,
parameters remain unchanged. In the figure, a displacemehas only marginal effects on the spectrum.
amplitude in the far-field measuring point is converted intoa  However, when  logy(ui/um)<O  or  when
color according to the color scale shown at the right. Eactog;o(p;i/pm)>0, a series of curves overwhelms the oscilla-
line parallel to the abscissa represents a spectrum for thery structure that dominates the other half of the spectrum

knb—kpa=constant, and,b+k,a=constant.

C. Effects of interphase properties
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hia
log o(P/Pm)

(a)

(@)

hia

(b)

logg(pu/Pu)

FIG. 6. Far-field spectrum maps when interphase thickness cha@es. () = -

Forward spectrum majb) Backward spectrum map. kna * ®

FIG. 8. Far-field spectrum maps when mass density of interphase changes.
map. These curves would appear as oscillatory structures i Forward spectrum mayb) Backward spectrum map.
the spectrum with the following two distinctive characteris-
tics: (1) the oscillatory structure becomes sharp peaks in theigid-body mode of the core, in which the core undergoes
low-frequency range, which appear in the spectrum map asmall deformation but notable rigid-body displacement. The
large color change within a short frequency ran@;there  core in their model corresponds to the fiber in the layered
are secondary peaks or oscillatory structures that appear tylindrical scatterer in this paper.
be riding on top of the major peaks. There are resonance peaks in the extremely low-
Since the geometry of the problem is unchanged in botlrequency range in each of Figs. 7 and 8. In Fig. 7, when the
Figs. 7 and 8, the explanation lies in the physical process. khear modulus of the interphase is much smaller than that of
is widely recognized that the oscillatory structure in the specthe matrix (logoui/um<—1.5), the first resonance peak
trum is due to various resonances in the scattesee, e.g., appears in the frequency range betwkga=0.1 and 0.3. In
Pao and Mow, 1971 As indicated earlier, this paper was Fig. 8, the resonance peak exists in the extremely low-
prompted by the discovery of a new mechanidriu etal,  frequency range betweds,a=0.05 and 0.25 when the mass
2000 for the formation of a sonic band gap in a cubically density of the interphase is much higher than that of the
arranged array of scatterers. Such a band gap material ematrix (log;op;/pm>1.5).
structure would have great potential for creating sound-proof  Recall that the wave in the fiber is expressed in 6.
structures. Becausely(0)=1 and J,(0)=0 for any n#0 (see, e.g.,
Since the wavelength of audible sound wave in airAbramowitz and Stegun, 1985the n=0 term in Eq.(6),
ranges from a few millimeter to a few meters, the signifi- CyJy(ksr), represents the rigid-body mode of the fiber, and
cance of this new discovery is making it possible to createC, is a quantitative measure of the amplitude of the rigid
acoustic filters or structural components in the size of a frachody mode. Figure 9 shows the modulus®y, |Cy|, for the
tion of the wavelength. cases when log(ui/pwm)=—2 (solid curve and
Therefore, the focus here is on the lowest possible resdeg;(p;/pm) =2 (dashed curveg respectively, with all other
nance peaks in these spectrum maps. éfial. (2000 had  parameters unchanged.
shown that for the spherical layered scatterer in their study  Figure 9 confirms that first peaks ¢€,|~kna curves
the resonance at the lowest frequency corresponds to tifer both cases match exactly the lowest peaks in Figs. 7 and
8 for the corresponding material properties ratios.
Furthermore, other peaks in the curve for
l001o( i /um)=—2 also match with subsequent peaks

)
=
“=I5' 2.5 | I I 1 I
ES : logo(#ti/tn)==2
20 Ji === logy(p,/Pm)=2 [
]
]
(a) — 1.5 3
RS
1.0 ||i 'n‘ |
1 \ a
E 0.5 ?\ \ II’ \\\ ,' '\ I'l ‘\\
3 i‘\r.%&g/_)‘i_‘)/ N \\&~__—/
&%
-2

0.0
0 1 2 3 4 5 6 7 8 9 10

FIG. 9. Modulus ofC, varies with frequency for cases of extremely com-
pliant (solid curve and extremely heavydashed curveinterphase materi-
als.Cy in Eq. (6) serves as measure of rigid-body mode in fiber. Vertical thin
FIG. 7. Far-field spectrum maps when elastic modulus of interphaselashed line indicates lowest rigid-body mode frequency predicted by Eq.
changes(a) Forward spectrum magb) Backward spectrum map. (40).
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! V. CONCLUSIONS

The closed-form analytical solution for the scattering of
a layered circular elastic cylinder has been presented. The
following conclusions can be drawn from the numerical re-
sults.

A

(i)
FIG. 10. Single degree-of-freedom model for predicting resonance fre-
quency of rigid-body mode.

shown in Fig. 7. This indicates that the rigid-body mode of
the fiber is the dominating mechanism for the main spectrungjj)
structure when the interphase is more compliant than the
matrix.

On the other hand, the other peaks in the curve for
l0g:10(p; / prm) =2 only match some secondary streaks that ap-
pear as webs linking the major curves in the spectrum map in
Fig. 7. This indicates that the rigid-body motion of the fiber (jj)
is not the dominant mechanism when the interphase is

The presence of the interphase gives rise to the second
geometric parameter for the problem, and accord-
ingly, the spectrum in general consists of two oscilla-
tory structures whose periodicities are dominated by
kn(b+a) andk,(b—a).

The presence of the interphase also gives rise to the
possible rigid-body mode of the fiber. The lowest
resonance frequency could be extremely low. Rigid-
body mode occurs in two extreme cases: either the
interface is extremely compliant, or the fiber is ex-
tremely heavy.

The rigid-body mode of the fiber is the dominating
mechanism for the main spectrum structure when the

heavier than the matrix. It is speculated that in such cases the
dominating mechanism come from modes in the interphasgjy)
For a rough estimate of the lowest resonance frequency
of the rigid-body mode, a simple single degree-of-freedom
mass—spring model is constructed. The model consists of a
slice of fiber—interphase assembly attached to the surround-
ing matrix, which serves as the support. Figure 10 shows a Most of these conclusions are not quantitative, but point
deformed configuration of the model. It is assumed that theut some interesting phenomena in single scatterer problems
fiber is rigid and the interphase undergoes a radially lineam general, and the fiber-interphase-matrix model in particu-
displacement, having uniform shear stress and straifar. The strong resonance in the extremely low-frequency
throughout. The equivalent spring constant is obtained frommange may lead to new design principles for sonic band gap
a force—deflection relation by imagining a force being ap-materials.
plied at the center of the fiber, as

interphase is more compliant than the matrix.

A simple single degree-of-freedom model gives a sat-
isfactorily close prediction for the lowest frequency of
the rigid-body mode when the interphase is extremely
compliant.

2mau;
spring— b—a
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Ultrasound diffusion for crack depth determination in concrete
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The determination of the depth of surface-breaking cracks in concrete specimens using an
ultrasound diffusion technique is discussed. Experiments were carried out on precracked concrete
specimens of varying crack deptf@—40% of the specimen thickng¢s€ontact transducers were
placed at the specimen surface with source and receiver separated by the crack. Tone-burst
excitations over a frequency range of 400—600 kHz were used. At these frequencies, ultrasound is
scattered considerably by the heterogeneities in the concrete. In the limit of many scattering events,
the evolution of energy may be modeled as a diffusion process. The arrival of the peak diffuse
energy at the receiver is delayed due to the presence of crack. This delay is the prime indicator used
for determining crack depth. Numerical and analytical analyses were also used for comparison.
These results are in basic agreement with the experiments. In addition, these analyses are used to
study the limits of this technique. In particular, it is shown that this technique is applicable to cracks
greater than the scattering mean-free path, which is estimated at about 1 cm for these specimens.
Aspects of practical implementation are also discussed.2084 Acoustical Society of America.
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I. INTRODUCTION waves must be used. These can be difficult to generate with
) . sufficient energy without damaging the surface. Ultrasonic
Concrete structures are continually subject to effects thagyijed wavegLamb waves have also been used to detect
degrade their structural integrity. Near-surface damage i'aamage in concrete beams and to detect delaminations be-
concrete may take the form of distributed microcracks Oty een steel bars and concrételowever guided wave test-
distinct, large cracks that extend to the surface of the struci-ng is complicated by the presence o’f the many available

ture. Damage from microcracking develops at length Scaleﬁwodes and by the difficulties associated with deep slabs. It is

that ‘are smaller than the size of the majority of th?also difficult to generate a low-frequency guided wave using

aggregaté.However, large cracks can result from mechani- :
. ) . . commercial transducers.
cal overloading, freeze—thaw cycling, by drying shrinkage, .
. The response of a heterogeneous elastic body to a propa-
or from the coalescence of many microcracks. Several recentatin wave is a function of the wavelenath in comparison
research articles report efforts to determine nondestructivel 9 9 P

the depth of surface-breaking cracks in concrete using elast\ ith r’c]he Ienﬁth sgale (f)f ;he heterogenemr-,\ls. Wr:' en \;vave-
stress wave time-of-flightwave velocity technique$= In engths on the order of the microstructure length scale are

these papers, the crack depth is determined if the velocity dised. a large amount of scattering occurs. The scattering pro-
wave propagation in the intact concrete is known and a pa/c€SS causes the elastic wave energy to propagate in directions
ticular wave path and wave pulse—crack interaction are agvhich do not coincide with the incident wave. The propagat-
sumed. The frequency range for these experiments varig§d Wave is attenuated due to these scattering losses. The
from 0 to 100 kHz. A frequency of 100 kHz corresponds to aScattering process is generally energy conserving—the scat-
wavelength on the order of a few centimeters in concrete. If€red energy is not lost, but is no longer in phase with the
the impact—echo methddthe user must interpret the re- €Xciting wave. Additional attenuation is caused by true dis-
corded echo signals. Quality interpretation requires a usetiPative mechanisms. Thus, the material response becomes a
experienced in waveform recognition. Other researchers uggmbination of coherent and diffugencoherent energy. If
frequencies in the range of 0 to 70 kPI2The wave source the initial energy scatters many times during its path from
is due to the impact of a steel ball on the specimen surfaceource to receiver, it is expected to behave as a diffusion
as in the impact—echo method. Surface wave methods hawfocess. Previous one-dimensional diffusion experiments in
also been used to characterize the microstructural properti€oncrete have shown that the ultrasonic diffusivity and dis-
of concrete such as grain size, porosity, or microcracksipation may be extracted from such measurenterits.
distribution” The penetration depth of the surface waves ismany cases, the evolution of the diffuse energy occurs on a
on the order of one wavelength. Hence, methods that utilizenuch longer time scale than the time necessary for the co-
surface waves are, in general, insensitive to deep cracks. Teerent wave to propagate across the specimen.

detect deep cracks by surface wave methods, low-frequency In this article, a new technique is discussed to determine
the depth of surface cracks in concrete by exploiting the

@Author to whom correspondence should be addressed. Electronic mair:m'”t_mIe scattering proper_tles of the _Concrete' In the next
jaturner@unl.edu section, the concrete specimens are discussed. In Sec. lll, the
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TABLE I. Specimen details. evolution was modeled as a two-dimensional diffusion pro-

% Crack depth cess. The analytical solution was compared with the experi-
Specimen ID  Dimensionécm)  Crack depthcm)  to slab depth ~ Mmental solution to determme the scattering properties of the
concrete. In this section, the extension of the one-

Slab 1 60.96(60.96<20.32 0 0 dimensional results to the two-dimensional diffusion prob-
Slab 2 60.96 60.96x 20.32 1.27 6.25 | | for th labs is di qi £ th
Slab 3 60.96¢ 60.96x 20.32 381 18.75 em relevant for these slabs is discussed in terms of theory,
Slab 4 60.96 60.96x 20.32 7.62 37.50 numerical modeling, and experiments.

results for the uncracked slab are presented. The on
dimensional diffusion resuftsare extended to two dimen-
sions representative of the slab geometry considered here. The diffusion of ultrasonic energy through a concrete
The ultrasonic diffusivity and dissipation were determinedslab with no crack is modeled by the two-dimensional diffu-
from experiments by comparing the experimental resultsion equation with dissipation. The equation is given by
with an analytical solution of the two-dimensional diffusion 2 5
process. These parameters. may al§o be extracted from,eﬁ<—2+—2><E(x,y,t))——(E(x,y,t))—a(E(x,y,t))
periments on cracked slabs if a location away from the major \ dxX® dy gt
crack is used. For all measurements, the diffuse energy field —f(x.yi1) 1)
was determined by low-pass filtering the square of the trans- RO
ducer response. In addition, these results were comparggith forcing condition
with the solution obtained numerically from the two-
dimensional diffusion equation. In Sec. 1V, the analysis for  f(x,y,t)=Eqd(X—Xg) 8(y—Yo) o(t—tg), (2
the slabs with a major crack is presented. The experiments
were conducted on three cracked specimens. The time shifthereE(x,y,t) is the ultrasonic spectral densitgnergy per
of the peak amplitude of the diffuse energy can be used t@rea, per frequency bandwidtD is the ultrasonic diffusiv-
determine the depth of the surface-breaking crack. Based dfy With dimension length squared per timejs the dissipa-
dimensional analysis, the time shift is expected to be proportion with dimension inverse time, arig}, is the initial energy
tional to the square of the crack depth divided by the diffu-which is deposited at timé=0. Equation(1) describes the
sivity. This scaling with crack depth has been confirmed. Thevolution of the ensemble average energy density for an in-
experimental values were in agreement with the numericdinite medium. For the case considered here, Neumann
results. The potential advantages of this technique over othd&oundary conditiongzero flux across the boundarjeare
methods include the ease of excitation at high frequenciegnforced at the specimen boundaries. The series solution of
and the sensitivity to deep cracks. Also, it is not necessary t&d. (1) for the source located &, andyy is given by
determine the wave velocity and other wave propagation pa-

m’ﬂ'yo
The limits of this technique are its insensitivity to shallow I cos( p )
cracks and possibly low signal-to-noise ratio, although suffi-

. . . ~ ~ nmwX
rametergwave path, interaction with geometry of the slab E(xy,t)= { 14 E E 4 co 3( 0
cient repetition averaging can be used to overcome the latter. Xcos{ nwx) cos( mwy) efo[(nw/|)2+<mw/p)2]t
I

% Analytical solution

n=1m=1

Il. SPECIMEN PREPARATION

Four specimens were cast with 47 BD bridge deck slab +n§1 2 COﬁ{
concrete having a compressive strength of 35 MPa with

nTerO) cos( mlrx) o Dl(n/)2t

varying notch depth(0%—40% of the thickness. The - mary, M7\ oimarp)?t
notches were created by placing a steel plate of 3-mm thick- +mz‘1 2co p |99 /€

ness in the mold before casting it with concrete. Cast oil was

applied to both sides of the steel plate to facilitate easy re- XEqe” ", ()

moval. After the initial setting time, the steel plates were ) i

removed from the mold and the specimens were coveretynerel andp are the lateral dimensions of the slab. _
with burlap. After 24 h, the specimens were demolded and ~ Figure 1 shows example energy curves calculated using
cured in a fog room for the next 28 days in order to reduceEd- (3) for different combinations of ultrasonic diffusivity

the likelihood of shrinkage cracks. Specific details of the@nd dissipation values usinig=0.6 m andp=0.2m. The
specimens are shown in Table I. vertical positions of the source and receiver are identigal (

=Yo=0.2 m), while the horizontal positions are equidistant
from the center of the slab and separated by 6 o (
=0.27m andx=0.33m) Steeper curves correspond to

Previously, the diffusion of ultrasound in concrete cylin- higher dissipation. The peak arrival time of the diffuse en-
der specimens was modeled as a one-dimensional procesgy is an important parameter in determining the depth of
which does not apply to the slab geometry of interest fere.the surface-breaking crack. Figure 1 shows that this peak
To recover the diffusivity and dissipation, the diffuse energyarrival time decreases for higher values of dissipation.

IIl. UNCRACKED SLABS
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FIG' L Analytical solution, Eq(3), for diffusivi_ty of 12 rrf/s and dissipa- FIG. 2. Diffuse energy for slab uncrackedl by analytical and numerical
tion varying from 3000 to 27 000 1/s assuming slab dimensien8.6 m methods for a separation distance of 6 cm.

andp=0.2 m. The vertical positions of the source and receiver are identical
(y=Yyo=0.2 m), while the horizontal positions are equidistant from the cen-

ter of the slab and separated by 6 cra£0.27 m andx=0.33 m). The typical time step used in the numerical analysis
ranged from 0.2 to 2us. To check for convergence of the
code, the analysis was carried out by varying the number of
elements in the rectangular domain. It was found that the
A finite-element code was developed for solution of thenumerical solution compared well with the analytical solu-
diffusion equation given by Eq(1) with forcing condition  tion (with a relative error of a few microseconds for the peak
given by Eq.(2). The cross-sectional details of the experi- grrival time for 1200 elements. Increasing the number of
mental specimens given in Table | were used for creating @lements to 2400 increased the computation time consider-
rectangular domain for this model. The rectangular domairyply and did not significantly affect the peak arrival time.
was discretized and meshed with bilinear reCtangUlar eleSince the main measure of crack depth is the peak arrival
ments, and the boundary of the domain was modeled withme, 1200 elements was judged sufficient for resolving this
the appropriate Neumann boundary conditions. By using thgeak time. Figure 2 shows the comparison of the diffuse
divergence theorem, the weak formulation of the diﬁUSionenergy obtained by ana|ytica| and numerical method<for

B. Numerical solution

Eq. (1) is given by =12 nf/s ando= 15000 1/s. The peak arrival time depends
on the diffusion parametei3 and o as well as the source—
JE dv JE dv JE . h . . .. .
f —0E—Eg|+D——+D— —|dxdy=0, (4) receiver separation distance. This dependence is illustrated in
at gx ox. 9y dy Fig. 3. The peak arrival time, calculated numerically, is plot-

tion 7(x,y) used for calculatlng the approximate energy, “combinations oD ando The peak arrival time varies from
and EO is the initial energy deposited. The finite-elementt®ns of us to hundreds ofus. It can also be seen that the

approximation is given by

0.35 T T T
Diffusivity Dissipation
E(x,y,t)~ 2 EF (D) 47(x,y), (5 0l (nfs) (1/s) |
a) 12 26000 f)
whereE; is th_e value ofE(x,y,t_) at a point.«j ,Yj) attime T o2sf b 12 13000 .
tand z//f(x,y) is the basis function. In matrix form, the tran- g o 5 26000
sient energy equation at the elemental level is given by Z o02f 9 12 250 1
£ & 5 13000
[MCHE®}+[K HES}={f°}. ©® £ ol
5 o
Q.

A forward difference scheme was used to solve &{}. The
time stepAt for the numerical analysis was chosen such that 0.1r
the stability criterion given by

005
At<AtC,=—}\ , (7) o , 1 ‘ ‘
max 3 4 5 6 7 8
is satisfied. In Eq.7), Amax IS the largest eigenvalue of Distance from source (cm)
-1
[M 1[K], Where[M] anq [K] are the global mass and g, 3. Numerical results for peak arrival time as a function of source—
stiffness matrices, respectively. receiver separation and ultrasonic diffusion parameessd o.
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FIG. 4. Schematic layout of experimental setup. FIG. 5. Comparison of experimental data with analytical and numerical

results to recover the scattering coefficients.

separation distance is more critical, in terms of peak arrival
time, for certain combinations d ando. significant change occurs in the solution if the number of
terms is increased beyond 50. The diffusivity and the dissi-
pation in Eq.(3) were adjusted until the analytical and ex-
perimental curves were best matched. Since the initial energy

Experiments were first conducted on slatfwithout a  depositedE,, is not known, the amplitude of the analytical
crack for comparison with the analytical solution given by solution was scaled to match with the experimental data. The
Eq. (1). The schematic layout of the ultrasound diffusion scattering parameters obtained by comparing the experimen-
experiment is shown in Fig. 4. The source transducer, a@al data with the analytical solution for different separation
25.4-mm Panametrics contact transducer with a central fredistances were in agreement with the data obtained at the
quency of 500 kHz, was coupled to the top surface of theminimum separation distance between the source and re-
slab. The receiving transducer, a Valpey-Fisher point-like pirceiver. Experiments were also carried out for the other slabs
transducer(2.5-mm diametgrwas located at a separation (slab 2, slab 3, and slab) 4t a location away from the
distancer from the center of the source. Both the source andsurface-breaking crack. A comparison of the diffuse energy
receiver were coupled to the specimen with a viscous coudata for the different slabs confirms the assumption that the
plant. The diffuse energy was obtained for different separascattering properties of the concrete slab can be determined
tion distances. The transducers were placed away from thigy measuring the diffuse energy field at locations away from
edges to avoid edge effects. The source transducer was exrajor cracks and boundaries.
cited with a 5-cycle tone burst over a frequency range of
400-600 kHz using an arbitrary waveform generator. Th
output from the receiving transducer was preamplified aniv' CRACKED SLABS
then digitized by an oscilloscope. To improve the signal-to-  The cracked slabs have surface breaking cracks of vary-
noise ratio, repetition averaging was us@0 averagegs ing depth(slab 2, slab 3, and slab.4The scattering proper-
The oscilloscope was connected to a personal computefes recovered from the uncracked slab were used to deter-
through a GPIB board andlaBvIEw program was used to mine the predicted peak arrival time in the numerical
acquire the average waveform. The square of the waveforranalysis for different crack depths. The lag time, defined as
data was then filtered using a low-pass filter. The result is @he difference between the peak arrival time of the diffuse
quantity proportional to the diffuse energy. The diffusivity energy in the cracked and uncracked regions, is the measure
and dissipation of the concrete slab were obtained by comused here to infer the crack depth. Comparison between ex-
paring the energy data with the analytical and numerical reperimental and numerical lag times was used to evaluate this
sults. technique.

Figure 5 shows the comparison of the experimental dif- _ .
fuse energy with the analytical and numerical results for af™ Analytical solution
input frequency of 500 kHz at a source—receiver separation For the cracked slab case, the governing equation re-
distance of 6 cm. The experimental results behave accordingiains the same. However, in addition to the Neumann
to the proposed model only up until about 0.2 ms. After thatboundary conditions at the slab boundaries, an additional
time, the decay is no longer exponential. This type of behavboundary condition is imposed, i.e., no flux across the crack.
ior was often observed and is presumed due to the variatioBecause an analytical solution for the problem of a slab with
of dissipation within the frequency band. At these frequen-a crack is not yet available, the numerical solution was the
cies, the change of dissipation can be drantalibe analyti-  primary measure for comparison with the experiments on
cal results were computed using 50 terms in E2). No  cracked slabs.

C. Experiments
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C. Experiments

The experiments on the cracked slabs were essentially
identical to those for the uncracked slab. The source trans-
ducer was placed on one side of the crack and the receiver
was placed on the other side of the crack as shown in Fig. 4.
Figure 8 shows the waveform data obtained by the receiver

0 Origin t=244ps| X for which the source and receiver were placed in an un-
0 0.2 0.4 06 cracked region. Figure 9 shows the waveform data for the
source—receiver pair placed across the crack. Comparison of
FIG. 6. Diffuse energy field for a crack depth of 30% at 11, 132, and 244 Figs. 8 and 9 shows the delay in the diffusion process clearly.
(D=12nfls, 0=15 000 1is). There is a delay in the arrival of the peak diffuse energy
when compared with the arrival of the diffuse energy ob-
tained by receiver placed at the uncracked region of the slab.
The delay in diffusion is due to the absence of flux transfer
For the cracked slabs the mesh discretization, elemerticross the crack. This delay in arrival of the energy is the
type, and number of elements were similar to those used fd?rime factor in assessing the depth of the surface opening
the uncracked slab. The crack was created at a given locatidifack-

by adding another set of nodes at the same location as exist- '€ diffuse energy was obtained from the waveform
ing nodes to the required crack depth. The element conne lata by squaring the transducer signal and filtering with a
w-pass filter. The cutoff frequency for the low-pass filter

tivity of the nodes at the crack location was changed such’
that the zero-flux condition across the crack is satisfied. Fig-
ure 6 shows the full diffuse energy field at times 11, 132, and
244 us, respectively, for a crack depth of 30% of the slab
depth @ =12 n?/s,c=15000 1/s). The diffusion process
and the delay in the arrival of the diffuse energy across the
crack is clearly depicted. The analysis was carried out for -,
different combinations of diffusivity and dissipation. The re- 2
sults clearly show the delay in the peak arrival time of theg
diffuse energy across the crack when compared with the dif§
fuse energy for the same source—receiver separation distanc -
at the uncracked region. Figure 7 shows the lag time for
different crack depths and for different source—receiver sepa:
ration distances for select values of diffusivity and dissipa-
tion. The trend is similar for all separation distances, sug-

0.2

0.1

B. Numerical solution

.80 - 4

gesting that this distance is not critical for practical -199, ) 02 0a 06 o8 ]
implementation. It is also clear that the lag time is a function Time (ms)

of separation distance between the source and transducer He. 8. Typical waveform data in an uncracked zone for an input frequency
expected. of 500 kHz and a source—receiver separation distance of 6 cm.

J. Acoust. Soc. Am., Vol. 115, No. 2, February 2004 Ramamoorthy et al.: Crack depth determination 527



8 T T T T T 3 T T T
6F ]
25
4— -
—_ 2r B .2
3 =)
< 0 i <
[} (]
3 51.5
g 2f 13
g g
< 4t i 1
6| 4
0.5
8t 4
=10 L L L L 1 0 L L L L L
0.2 o) 02 0.4 0.6 0.8 1 -0.1 0 0.1 0.2 0.3 04 0.5

Time (ms) Time (ms)

FIG. 9. Typical waveform data across the crack for an input frequency of!G. 11. Comparison of experimental diffuse energy with numerical results
500 kHz and a source—receiver separation distance of 6 cm. for slab 4(37.5% crack depth

o . cutoff frequency than it was for shallow cracks. The agree-
was selected by considering the stability of the energy datg,ent phetween the experimental results and the numerical re-

with respect to cutoff frequency and by considering the fluc s is very good. The inversion of experimental results to
tuations in the energy data. The results were scaled such thgtiermine crack depth can occur if the diffusivity and dissi-

the initial rise of the experimental and numerical datapation are determined in a sample region away from bound-
matched. Figures 10 and 11 show the comparison of the eXginc and large cracks.

perimental diffuse energy with the numerical data for slabs 3 Trends observed in numerous numerical simulations

and 4, respectively, with a separation distance of 6 cm bespq,y that the lag time can always be fit by a second-order
tween the source and the receiver for a cutoff frequency of,ynomial function of crack depttf. The quadratic term is

10 kHz. By comparing the peak arrival time of the waveformjqersely proportional to diffusivity as expected, and the lin-
across the crack with the peak arrival time of the data obgg; term s inversely proportional to the dissipation. This
tained at the uncracked region, the lag time for differenty e must pass through the origin since there is no lag time
crack depths was determined. This lag time is due 1o gy, 5 zer0-depth crack. Thus, there is not a constant term in
presence of the crack. Figure 12 shows the comparison of g5 polynomial. The experimental data show that this pre-
time obtained by numerical analysis and by experiments fofjicieq dependence does indeed hold, at least for the values of

different crack depths. The error bars for the experimentapy anq  relevant for the concrete samples examined here.
lag time were determined by low-pass filtering the waveform

data for three different cutoff frequencig€d4, 10, and 25 v CONCLUSIONS

kHz). The standard deviation and average values of the three In this article. it has b h that in liaht of
peak arrival times were used to calculate the error bars. For n nis articie, 1t has been shown that in fignt of many

. . o scattering events the evolution of ultrasonic energy in a con-
deeper cracks, the peak arrival time was more sensitive to the
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FIG. 10. Comparison of experimental diffuse energy data with numericalof 6 cm. The solid line is a quadratic curve fit to the numerical data and the
result for slab 318.75% crack depih error bars correspond to the experimental results.
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I. INTRODUCTION some maodification. The secular equation for Rayleigh waves
in incompressible orthotropic materials presented recently by
Rayleigh(surface waves were first studied by Rayleigh Destradeet al. (2002 also admits spurious solutions.
(1885 for a compressible isotropic elastic solid. The exten-  The aim of the present paper is to obtain a formula for
sion of surface wave analysis to anisotropic elastic materialthe Rayleigh wave speed in an incompressible orthotropic
has been the subject of many studies; see, for examplelastic material. For this purpose a form of the secular equa-
Stoneley(1963; Chadwick and Smith(1977); Royer and tion that does not admit spurious solutions is required.
Dieulesaint(1984); Mozhaev(1995; Destradg20013; Ting In Sec. Il the basic equations and notation are presented
(2002a, ¢, and references contained therein. Some recerfor describing motion in an incompressible orthotropic elas-
work has focused on incompressible anisotropic elastic soltic material. We consider a half-space whose boundary is a
ids (Nair and Sotiropoulos, 1997, 1999; Destrade, 2001bsymmetry plane of the material. Since the equations for time-
Destradeet al, 2002, while application to materials, com- harmonic waves propagating parallel to the boundary of this
pressible or incompressible, subject to prestress has also dtalf-space decouple into a plane motion, in the plane defined
tracted considerable attentidgbowaikh and Ogden, 1990, by the half-space normal and the direction of propagation,
1991; Chadwick, 1997, for example and a motion normal to that plarieee, for example, De-
Since Green’s functions for many elastodynamic prob-strade, 2001} it suffices to consider the plane strain case. In
lems for a half-space require the solution of the secular equésec. Il the secular equation for Rayleigh waves is derived in
tion for Rayleigh waves, formulas for the Rayleigh wavethe desired form and it is shown how it relates to the form
speed in various elastic media are clearly of practical as welfjiven by Destrad¢2001h. Existence and uniqueness results
as theoretical interest. A formula for the Rayleigh waveare presented in Sec. V. In particular, it is shown that Ray-
speed in compressible isotropic solids was first obtained bieigh waves exist and are unique in an incompressible ortho-
Rahman and Barbg 995 for a limited range of values of tropic elastic solid, provided the inequalities
the parametee=u/(\+2u), where\ and u are the Lame
constants. For any range of values & formula was ob-
tained by Nkemzi(1997; see also Malischewsky2000.  are satisfied, where;;, ci,, 2, andces are material con-
Recently, for some special cases of compressible monoclinigtants associated with the considered plane, which, in Carte-
materials with symmetry plare;=0, formulas for the Ray- Sian coordinates, is taken to be the, (x;) plane. These
leigh wave speed were found by Tiiig002b and Destrade inequalities are necessary and sufficient for the strain energy
(2003 as the roots of quadratic equations. (specialized to the considered plarie be positive definite.
Rayleigh waves in incompressible orthotropic elastic!t is also easy to show that they are necessary and sufficient
materials were examined recently by Destr&2@01h. De- for strong ellipticity to hold for the considered motion.
strade used the method of first integrals proposed by An explicit formula for the Rayleigh speed is derived in
Mozhaev(1995 and found a form of the secular equation. S€¢- V by using the theory of cubic equations. Corresponding
He used this to prove that Rayleigh waves exist and argesults for the compressible theory will be discussed in a
unique in these materials for all values of the relevant mateSeparate paper.
rial constants. However, the form of the secular equation
obtained by use of Mozhaev’s method necessarily admity. BASIC EQUATIONS
spurious solutions. Thus, the analysis of Destrade requires

Y ECGG> O, 5EC11+ Coo— 2012>0 (1)

Let (x1,X2,X3) be Cartesian coordinates and consider an
orthotropic elastic material occupying the half-spage:0,
dElectronic mail: rwo@maths.gla.ac.uk with traction-free boundary,=0, which is a plane of sym-
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metry for the orthotropy. We consider a plane motion in theWe shall also require that
(x1,X,) plane with displacement components, (u,,us)

such that P(X1,%X2,t)—0  as xp— —. (12)

Ui=ui(Xqy,X2,t), 1=1,2, uz=0, (2) 1. RAYLEIGH WAVES: SECULAR EQUATION

wheret is time. The nonzero componengg of the infini-

) . ; We now consider harmonic waves propagating inxpe
tesimal strain tensor are given by

direction, and we writey in the form
YU +u ii=
€= LmL2, B s n=dyexdikta—cy], 13
where a comma signifies partial differentiation with respect, narek is the wave number is the wave speed;=kx,

to s;l):atial vqriables. bl il h and the functiong is to be determined.
or an incompressible material, we have Substitution of Eq(13) into Eq. (8) yields

+ - " "
ot Yo =0, W (2B peh ¢+ (- pe?) $=0, (14
from which we deduce the existence of a scalar function

denoted(x, x,.t), such that where, in Eq(14) and the following, a prime o® indicates

differentiation with respect tg.

Ui=¢o, Up=—1,. (5 In terms of ¢ the boundary conditionél1) become
For the considered motion the relevant components of  ¢"(0)+ ¢(0)=0, y¢"(0)+(y— 8+ pc?) ¢’ (0)=0,
the stress are given by, for example, Nair and Sotiropoulos (15
(1997. Thus, in the first of which we have omitted the facteron the
011= — P+ Cq1€11+ Cro€nn, assumption thay+0. From Eq.(12) we also require that
020= — P+ Ci2€111 Coz€rp, 0127 2Ce6€12, (6) P(X2)—0  as Xp— —c=. (16)
whereo;, i=1, 2, are components of the stress tensgr, Thus, the problem is reduced to solving Ed4) with the

are elastic constants of the material in standard notation, arfPundary condition¢15) and (16). The general solution for
p=p(Xy,Xz,t) is the hydrostatic pressure associated with the?(Y) that satisfies the conditiofi6) is
incompressibility constraint. Note that, in generak;# 0, d(y)=Aexps,y) +Bexpsyy), (17)
but we shall not need to use this component of stress. .

For the strain energy to be positive definite for the con-VhereA andB are constants, while, ands; are the solu-

sidered plane motion, the elastic constantsn Eq. (6) must tions of the equation
satisfy the inequalities given in E@L). yst— (28— pc?) s+ (y—pc?) =0, (18)
In the absence of body forces the relevant components

of the equation of motion are with positive real parts.
From Eq.(18) it follows that

111+t 0127 pUy, 01211 02 =ply, (7)
e R e Rt S+s=(28-pcAly, sish=(y—pcAly. (19
where dots denote partial differentiation with respect,to 5 5 _
andp is the mass density of the material. If the rootss] ands; of the quadratic Eq(18) are real,

Use of Eqs(3), (5), and(6) in Eq.(7) and elimination of ~ then they must be positive to ensure thatands, can have

p by cross differentiation leads to an equation fomamely @ positive real part. If they are complex then they are conju-
gate. In either case the produsﬁsg must be positive and

Y 111070 2B 1105t Y 20007 (11 ¥ 20, (8 hence a realsurface wave speed satisfies the inequalities
where 0<pc?<y. (20)

2p=06-2y, (9 Note that the limiting wave speed such that?=y is the
and y and  are defined by Eq(1). speed of a shear body wave, not a surface wave.

In terms of the stress components the traction-free  Substituting Eq(17) into the boundary conditionéL5),
boundary conditions are written we obtain the equations

0'12:0'22:0 on X2:O. (10) (1+S§)A+(1+S%)B:01

(21)

Using Egs.(3), (5), (6), and the first of(7), EqQ. (10) can be  [y(s?+ 1)+ pc?— 8], A+[ y(s5+ 1)+ pc?— 8]s,B=0,
expressed as conditions @nThis requires differentiation of
o5, With respect tox; so as to facilitate elimination of the
term in p, as in Dowaikh and Ogdefi990 for Rayleigh
waves on a prestrained half-space of incompressible isotr

for A andB. For nontrivial solution the determinant of coef-
ficients of the systeni21) must vanish. After removal of the
chtor (51— 5,), this yields

pic elastic material. The resulting boundary conditions are Y(S2+55+5753) + (8— pc?)s;S,+ y— 6+ pc?=0. (22)
Y20~ 19 =0, Use of Eq.(19) in Eq. (22) then leads to
V(W 22 ¥119) + Y11~ ph,=0  on x,=0. (11 (6= pC?)\1-pc’ly—pc?=0, (23)
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which is the required secular equation for the wave spee3) has no real nonzero solution forwhatever the sign of
throughpc?. Note that for this equation to have a real solu- y, although it is not physically meaningful to admit nonposi-
tion for c it is necessary, in addition to E@20), that the tive values of these constants.

inequality

pc?< 4, (24

. . . V. A FORMULA FOR THE WAVE SPEED
must hold. Note that a solution of ER2) with s;=s;, is

admissible, but it can be shown that this corresponds to areal In this section we derive an explicit formula for the
surface wave if and only i6=32y/9 andpc?= /4, a solu-  wave speed, given thag>0, §>0, by seeking the unique
tion that is given by(23) for this very restricted combination root, 7, say, of Eq.(26) in the interval(0,1). The wave speed
of material constants. Of course, in this case, the solutiog is then given by
(17) requires modification. 5 5

By rearranging Eq(23) and squaring to eliminate the pc”=y(1-np). (29

square root, we obtain the secular equation derived by D&pje now show that the cubic E(R6) has only one real root,
strade(2001b, which, in the present notation, can be written namely 7, the other two being complex.

(8—pc?)2(1—pc?y)=(pcd)% (25) According to the theory of cubic equatideee, for ex-
o ample, Cowles and Thompson, 1947 or Abramowitz and Ste-
Destrade2001b used the method of first integrals proposedgyn 1974, the nature of the three roots of the cubic
by Mozhaev (1995 and needed to impose the restriction

pc?+# 8, which in our derivation is automatically satisfied 7’ +ayn’+ayn+a=0, (30)
through Eq.(24). Using this equation, Destrade concluded s yaotermined by the sign of the discriminadtdefined by
that a unique Rayleigh wave exists in an incompressible

orthotropic elastic material for any values pfand 6. How- D=R2+Q3, (31
ever, Eq.(25) may have spurious solutions fpc? that are
not solutions of Eq.23), and it is therefore advisable to
avoid drawing conclusions on the basis of E2f).

whereR andQ are given in terms of the coefficierdg, a4,
a, by

R=gi(9a;a,— 27— 2a3), Q=4(3a;-a3). (32
If D>0, Eq.(30) has one real root and two complex conju-
IV. EXISTENCE AND UNIQUENESS OF RAYLEIGH gate roots. 1D =0, the equation has three real roots, at least
WAVES two of which are equal. ID<0, Eq.(30) has three distinct
real roots. In the first caséD(>0) the single real rooy, is

ng,ven by Cardano’s formuléCowles and Thompson, 1947;
Abramowitz and Stegun, 19Y4n the form

We now show that the inequalities>0 and >0 jointly
ensure the existence and uniqueness of a Rayleigh wave.
this purpose it is convenient to introduce the new variabl

x:tt\e/i;gczly so that the secular equati¢®3) may be re- 70=— Ya,+ (R+D)¥3+ (R— D)2, (33)
For the secular equation in the form E6), we have
f(p)=n°+9°+(8ly—1)p—1=0, 0<py<1l. (26
a0=—1, ale_l, a2:1, (34)
Then
and hence
f(0)=—1<0, f(1)=48/y>0, (27)
. L A A 4
which guarantees that E(6) has at least one solution in the R= — + E =——_, (35)
interval (0,1). 6 27 39
We also have whereA=§y. Using Eq.(35) in Eq. (3), it is easy to verify
() =3n2+29+8ly—1, (>0 (5>0). (28 that
If 5= then it follows thatf’(7)>0 for >0 and hencé is D= 1554 (4A%—13A+32). (36)

monotonic increasing fon>0. In this case the solution fof ¢ s clear from Eq(36) thatD>0 providedA>0. Thus, Eq.

is unique. If, on the other hand,<G<y then f'(0)<0.  (30) has only one real root, necessarily within the required
Thus,f has a maximum fom<0 and a minimum fory>0. range of values.

By the inequality in Eq(28) f therefore decreases to a mini- Use of Eqs(34), (35), and(36) in Eq. (33) leads to

mum asz increases from 0, and thereafter increases mono-

tonically. Hence, the solution is also unique in this case. no=%[— 1+3\/[9A+ 16+3\/§\/A(4A2— 13A+32)]/2
We therefore conclude that in an incompressible ortho-

tropic elastic half-space there exists a unique Rayleigh wave +3\/[9A+ 16—3\/§\/A(4A2— 13A +32)]/2].

provided the material constants satisfy the conditiohs 37
which ensure that the strain—energy function is positive defi-

nite for the considered plane strain restriction. We note in  From Egs.(29) and (37) the speedc of the Rayleigh
passing that if5<0 then it can be seen immediately that Eq. wave is given by
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pc [y

A

FIG. 1. Plot ofpc?/y againstA(>0) from Eq. (38).

pC?ly=1-3%[-1

+3/[9A + 16+ 3V3VA(4AZ— 134 + 32)]/2

+3/[9A + 16— 3V3A(4AZ— 134 + 32)]/2]2.
(39

For an (incompressiblg isotropic materialc,;=cC,,,
C11—C1o=2u, andcgs=u, Where o is the classical shear
modulus, and hence, by E€l), A=4. In this case the for-
mula (38) specializes to

pc?ly=1—Y3/633+26—3/6 33— 26— 112

(39
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The present paper deals with the classical problem of linear sound propagation in tubes with
isothermal walls. The perturbation technique of the method of multiple scales in combination with
matched asymptotic expansions is applied to derive the first-order solutions and, in addition, the
second-order solutions representing the correction due to boundary layer attenuation. The
propagation length is assumed to be so large that in order to obtain asymptotic solutions which
extend over the whole spatial range the first-order corrections to the classical attenuation rates of the
different modes come into play as well. Starting with the case of the characteristic wavelength being
large compared to the characteristic dimension of the duct, the analysis is then extended to the case
where both of these quantities are of the same order of magnitude. Furthermore, the transmission
line parameters and the transfer functions relating the sound pressures at the ends of the duct to the
axial velocities are calculated. @004 Acoustical Society of AmericaDOI: 10.1121/1.1639323
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I. INTRODUCTION a third scaling parameter and thus two different ordering re-
lationships for the two other parameters. In the following,
The subject of linear sound propagation in rigid tubesthese cases will be called thegh and thelow frequency
with isothermal walls has been attracting considerable intertimit, respectively. If, however, such additional constraints
est over the years. The “exact” solution for tubes of circular are imposech posteriorion the solutions given by Zwikker
cross-sectional shapes derived by KirchhofSee also and Kosten in order to derive approximate series expansions
Rayleigh? pp. 319-328 accounts for the effects of shear of the transmission line parameters with respect to that third
viscosity and heat conduction on the attenuation of soundatio (see, e.g., Keefe's resulfsfor the cylindrical tubg, it
waves. Later Zwikker and Kost&(pp. 25—40 and indepen-  will remain unclear whether the resulting expressions are the
dently also Iberalf, Daniels’ and KraaR introduced an ap- correct asymptotic solutions one would obtain if the two dif-
proximate theory based on the so-callesv reduced fre-  ferent ordering relationships were applied to the basic equa-
guency assumptionthat enabled the simplification of the tjons themselves.
basic equations such that the transmission line parameters Moreover, the length of the duct might become so large
could be given in closed form. A thorough discussion of thethat the exponentially growing effects arising from viscosity
applicability of this approach including a comparison with and heat conduction in the boundary layer do not only affect
numerical solutions of Kirchhoff's general dispersion equa-the second-order terms of the sound pressure but also the
tions is presented in the 1975 paper by Tijderhaviore  |eading order terms. The present study is motivated by the
recently, Stinsohconsidered an alternative treatment of the gpservation that sound propagation in tubes of this type has
problem applying simplifying approximations to the equa-not yet been systematically studied. Thus, one of its primary
tions that make up the Kirchhoff solution, rather than reduc-ajms is to derive the asymptotically correct solutions for the
ing the governing equations, and showed the equivalence @hyolved field quantities including the second-order terms
both approaches. These investigations then provided the bghat extend over a considerably large spatial range, suggest-
sis for developing a general procedure applicable to tubes Gfg the application of thenethod of multiple scalesss pre-
arbitrary cross-sectional shape. Similar calculations wergented, e.g., in Nayféhor Crightonet al? (pp. 209-232
also carried out by Kergormard. By the removal of secular terms, the extra freedom such an
From the point of view of a perturbation analysis the gpproach introduces can be exploited to increase the range of
low reduced frequency assumptions can be interpreted as dgajidity of the asymptotic expansions. Since the following
fining two scaling parameters that relate the most relevangs|cylations proceed from the assumption that the boundary
geometrical scales, i.e., the wavelength, the characteristic diayer is small compared to the tube diametggh frequency
ameter of the duct, and the thickness of the acoustic boungiy;t), the changes in lateral direction will be analyzed using
ary layer, to each other: The spatial range consumed by thg,s perturbation technique of thenethod of matched
boundary layer as well as the diameter are presupposed to bgympiotic expansiong further goal to be pursued is the
small compared to the wavelength. Further simplificationsyerivation of the asymptotically correct expressions for the
are then possible assuming the boundary layer to be eithgrysmission line parameters and the transfer functions of a
small or large relative to the tube diameter, which mtroduce%ng tube up to the second-order terms. The investigations

are structured as follows.
dElectronic mail: stefan.scheichi@oeaw.ac.at As far as the diameter to wavelength ratio is concerned,
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© 7z A are the characteristic impedance and the propagation param-

i r,y{ 2 \D a, eter of the duct. The values of the sound pressure and the
- m e i -— volume flow at the entrance of the tube, in the following
- ] P denoted byp,_ and U_, respectively, can then simply be

- - calculated from the valugs,, andu, at the end of the tube

- L - by employing the relationship

FIG. 1. Sketch and notation of an acoustical four pole. E,Si R E)er
a_ :A( a+ ) (4)

the first part of the analysis deals with long wavelengths, in
accordance wi_th the low reduced frequency assumptions. ReB-. Low reduced frequency and low Mach number

sults for the first-order and the second-order terms of th%ssumptions

sound pressure, the velocity components, and the transfer

matrix in the case of long circular tubes will be presented.  In order to be able to calculate the transmission line

Similar solutions derived for the case of long rectangular andParameters entering the transfer matrix from the basic equa-
slit-shaped tubes are found in the appendices; these are, hofi2ns, i.e., the two- or three-dimensional Navier—Stokes

ever, valid only to leading order. In the second part, beginquations, the energy equation, the continuity equation, and
ning with Sec. V, the long wavelength assumption is therthe equation of state for a perfect gas, the following so-called
replaced with the condition that the characteristic wavelengt#ow reduced frequency assumptidsee, e.g., Tijdemdnare

and the diameter of the tube are of the same order of magidopted:
nitude. To demonstrate the utility of the procedure, the trans-

fer functions up to the second order of a long circular tube Re=
will again be derived. Since in this case the occurrence of Mo

higher o_rder m_ode; has to be taken into_account as well, thgere the quantitiesy, \, po, 4o, D, and the parameters Re
study will confine itself to the case of axisymmetric flow. It 54| denote the speed of sound, the characteristic wave-
should be mentioned that in a similar investigation concerniength, the density of the fluid, the dynamic shear viscosity,
ing the sound propagation in a slit-shaped waveguide carrieghe characteristic dimension of the cross section, the acoustic
out by Anderson and Vaidyathe authors pointed out that Reynolds number, and the reduced frequency, which is of the

the application of the method of multiple scales to the lineaiy qer of the Helmholtz number HewD/(2¢,). By the sub-
problem requires several observations suggested by resuligint 0, quantities evaluated at the equilibrium reference
obtained from the so-called classical analysis that poses th§ate are indicated.

boundary value problem as an eigenvalue problem, and  gjnce the Prandtl number
would fail otherwise. However, as it will turn out in the

Colpo

D
>1, 1= <l (5)

following investigation, here such difficulties are not en- b #oCp o) ®
r= =
countered. Ko (1),
Il. PROBLEM FORMULATION whereC, and x, represent the specific heat at constant pres-

sure and the thermal conductivity, is of ord@(1) for a

wide class of fluid(e.g., P=0.7 in case of aj; the thermal

as well as the viscous boundary layer thicknesses are given
For the time being, assume that the driving frequency idy (see, e.g., Morse and Ingattip. 286

sufficiently low that only the fundamental mode is able to

propagate in a tube of length regarded as a transmission S /@: L

line (see Fig. 1 Furthermore, leZ and Y be the series Coro  +Re

impedance and shunt admittance per unit length along the

axis. The sound pressupg(z,t) =R(p<(2)e“!) and the vol- ~ Consequently, from the first restriction in E@) it follows

A. Transmission line parameters for acoustical four
poles

)

ume flowu(z,t) =R(0(z)el“") are then given by that 6 is small compared to the characteristic wavelength,
. . ensuring that the flow is not dominated by viscous effects; it
% — d_“ _ —\A(E) (1) is easily verified that Re1 holds for the complete range of
dz ' odz S audible and even a wide range of ultrasonic frequencies, pro-

vided that the fluid is air. This, together with the long wave-

Hence, the four-pole transfer matul can be formulated as ) ,
length assumptioh< 1 stated in Eq(5), then guarantees that

coshiI'L)  Z.sinh(T'L) only a single mode propagates over large distances relative
A=| 1 R R , (2 the tube diameter and a simplified, one-dimensional for-
=sinh(I'L)  cosKT'L) mulation of the problem as in E¢l) can be derived.
Ze In the following, it will furthermore be assumed that the
where Mach number
Z.= \/é F=\zy¥ 3) M=Z—Z<1, ®)
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with W as a characteristic particle velocity in longitudinal
direction, is small as well, so that a linear analysis of the

problem is possible.

C. Ducts with circular cross sections and isothermal
walls

By imposing the low reduced frequency assumptions
(D=2R), evaluation of the linearized basic equations yields
(see Zwikker and Kostehpp. 25—40, but also Refs. 4—7,

10
~ jopo
Z= , ,
é(R [~ 1wpg
Mo Mo
S| 1-2\/—
—Jwpg R
)
é(R [_jwpocp)
0S| 1+2(y—1) \/ ——2 o
Q:Jw _ijOCp R
YPo ’
where
L~ W(d
G(é)=—+ 10
() 3 (10

and the cross-sectional ar8a R?#. The quantitie, and

=~ 8uo .wPoR2 )
LFL: Z=—|1+ +0(Sth |,
R2S : 6o (St
13
-~ S —1 wpgR? u,C (
Y=—<j+7 Pt Ho p+o<sf‘)),
Po Y 8ug Ko

which corresponds to Rayleighrgarrow tube solution(Ref.
2, p. 327, if terms of O(St) are neglected as well, and

2 WPo| . 20 _
HFL: Z=—|j+(1+ +0(St7?) |,
g [1+( ])\/wPORZ (St™)

< . (14)
~ w . . Mo Ko
Y=—|j+(1+ -1/

v JH(1+)(y—1) wpoR? 12Cy

+0(St?) |,

which is in accordance with Kirchhoffwide tube solutiort:
Simplified expressions for the limiting values Bfcan also

be found in the book by Beran€k(pp. 135—-138 Equiva-

lent results for the HFL of the series impedance as well as
the shunt admittance in case of rectangular or slit-shaped
cross sections are given in Appendices A and B.

A completely different method of finding the LFL and
HFL would be an asymptotic analysis of the basic equations
themselves, withv, Re'%, |, and either St or St used as
(smal) perturbation parameters. In the case of the HFL such
an approach then necessitates separate investigations of the
acoustic motion in the core region and in the boundary layer,
since the scaling of the terms in the basic equations changes

y=C,/C, are the equilibrium pressure and the ratio of thecompletely, depending on which region is under consider-

specific heats. Worth mentioning is the fact that E3).can

ation. Such a so-called matched asymptotic analysis, which

also be derived by averaging the expressions for the velocitygain reproduces the solutiori&4), is presented, e.g., in
in the direction of the tube axis and the sound pressure givefiakarov and Vatrushirtd as well as in Qiet al” However,

in Morse and Ingartf (pp. 519-522 over the cross section.

if the evolution of waves over distances of the or@gISt\)

These solutions were obtained from an axisymmetric twois taken into consideration, evaluation of the transfer matrix
dimensiqnal analysis by_using assumptions very simil'ar tn as defined in Eq(2) usingi andY from Eq. (14) will
those Stinson’s generalized theory for tubes of arbitrary,roquce results which are valid only to leading order. This is
cross-sectional shape is based(eee Ref. 8 and Appendix 3 girect consequence of the fact that the exponential terms of

A).
High and low frequency limits can now be defined as
R\2  wpoR?
LFL: I2Re~(—) - OPOT s,
o o

(11
HFL: S>1.

the ordero(e(St ™ ') contained in the transfer matrix will
then become orded(1) quantities. In other words, in order

to calculate asymptotically correct expressions for the lead-
ing order terms and the correction terfio$ orderO(St™1)]

of the quantitieg(z,t) andu(z,t), the above-presented re-
sults for the HFL have to be based on the assumption that the
propagation length. of the acoustic waves is comparable to

Here, the quantity St denotes the so-called Stokes number, it§€ wWavelength. o S
inverse is sometimes referred to as shear wave number Sh, 1he aim of the following investigations is thus twofold:

As mentioned earlier, RrO(1) and therefore the LFL and
HFL can easily be deduced from E@®) by applying a power
series expansion with respect to St and'Srespectively. In

First, to show that the application of the method of multiple
scales (MMS) in the HFL together with a matched
asymptotic analysis leads to analytical solutions for the

connection with the HFL, it should be noted that in the limit Sound pressure and the volume flaneluding the second-

as Stooxo,
G(H——1j,

as% is proportional to S{—j.
Consequently, the expressiof® reduce to

12
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order terms that are uniformly valid over a considerably
larger spatial range than that constituted by the wavelengths
and, second, to derive the asymptotically correct expressions
for the coefficients of the transfer matix As will further-
more be shown in Sec. V, the MMS can even be applied if
the conditionl <1 is relaxed such that the reduced frequency
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is assumed to be of ord€¥(1) and, consequently, the exci-
tation of higher order modes can no longer be disregardedpa—,[r+pvz—+ P

I1l. BASIC EQUATIONS

A natural nondimensionalization of the governing equa-

tions involves the wavelengtk, the radiusRk, as well as the
equilibrium quantitieg, po, Co, andug introduced above.
Nondimensional variables are then constructed from

L, Z L*—L LT t*_tco L O
z _)\1 _)\1 r _R, - 1 W = CO 1
x_Vz x _Ur * u * P x_P
v, = Uy =, - o = -
£ Co " Co CoS P YPo P Po
(15
gro Y g ZCAS YRk L o
Yo YPo CoS Mo

du, a v, €a?dv, a’(4
Jz a’d® 922 d?\3
19 Jv v ea? (1 %0 ad
R O S . X
ror\ or r2| ad?\3 dzor € ar
(18
ap dp a dp dv, a 194
— 4y, —+—v—Fp—+—p— — =
ot TVigy T ety TPy TPy gr (v =0, (19
af}+ aﬁ+a v 1 ap+ ap+a ap
Pgp TPVt gpurgm (Y D Grtvuag v
ea® Y o 1 a( a0
a’d?Pr 072 d2Prr dr o
- ——(y—=1)d=0, (20)
a?d? 7
dp=yp. (21

Herev,, v,, p, 9, and 7 denote, respectively, the velocities Here, the superscripts introduced to indicate nondimen-
in axial and radial direction, the fluid pressure, the temperasional quantities have already been omitted. The quasity

ture, and the bulk viscosity. Furthermore, the scaling param-

eters

(16)

_ R A
E—ax

, =d
" R{Re

dv, 2 a2

ﬂvZZH(9vr2
0z ar |’ dz |’

2a dv, dv, a du, ﬁvr)

O~ e?a’X ma>< —
2
€
aZ

v,
€2

ar

‘e dz Ir ‘e Ir 9z

(22

are introduced whera andd are arbitrary constants of order is the so-called dissipation function, which will turn out to be

O(1), which, together with Eqs(5) and (11), leads to the
relationshipse~|~He anda~ St 1.

negligibly small as well.
Equationg17)—(21) will be solved subject to the bound-

In the following analysis it will be assumed that the ary conditions at the tube wall

variations of the thermal conductivity and the dynamic vis-
cosities are so small that these quantities can be regarded as

constant, i.e.,.k=kg, m=pug, and n=7ze. However, it

r=1: v,=v,=0, 9=1, (23

and the symmetry conditions at the center of the tube

should be emphasized that due to the assumption of a very

small Mach numbefsee Eq.(8) as well as Eq.(26)] the

results derived in the following would remain unchanged

even if the commonly used approximative power laws
= k(0 90)? and w= uo( 9/ 9)?, where the coefficiens
=0(1), were adopted.

Since the fluid is presupposed to be a perfect gas, the

equilibrium sound speeda, equals (py/po)*? and 9,

=cg/((y—l)Cp). The two-dimensional Navier—Stokes
equations in cylindrical coordinates for axisymmetric flow,

v, ap IV

=0: era—r—é]r—a—r—O. (24)

IV. APPLICATION OF THE MMS

Utilizing the parameters introduced in Ed.6), the HFL
can now simply be defined as

e<1l, a<l1 (25

the continuity equation, the energy equation, and the equasnce then Rel~e2a2<1. | ~e<1. and St~ s/R~a<1

tion of state then read

Jdu, Jv, a Jdu, e?a’ 4+ (?sz

Pt TP TPV o T 22 | 3 972
a?1 9| dv,| ea? 1+ 19/ dv,
g2roar\ oar ad?\3 71 ar r&z
p
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as required by conditiong5) and (11). In order to avoid
nonlinear effects entering the first- and second-order terms,
the Mach number is assumed to be of any or@¢e' o)
such that

M<eMa", m+n=2 (26)
holds, suggesting the use 8, «, and e as perturbation
parameters for an asymptotic analysis. Hence, the velocity
components and the relevant thermodynamic quantities are
expressed in the form:
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U,=M(Vy1+ €Uyt av,,+ €20, 02+ €au e+ a?v 4,2 asymptotic matching principlésee, e.g., Ref. 12, pp. 173—-
179 will be applied.

Fe ) EMEC ) Since the resulting equations, more precisely, those that
are relevant to solving the problem, will turn out to be linear,
a Fourier transform with respect to the time could be used.
o) M)t Equivalently, each unsteady perturbatieror W is decom-
posed into a steady modal amplitude and a time-harmonic
function such that

U, =M(v,1+ €Ut Qv+ €20, 2+ €Vt AP0, 42

1
p=—+M(p;it+ep.tap,t 62p62+ €aP.,t azpaz _
Y W(Z,21,25,1, 1) =R(W(z,2,,2,,r)el“Y),

Fo )+ M2 ) e (27) (31

W(Z,Z]_ 2o ,S,t) = %(W(Z,Zl \Z5 'S)ejwt)'

p=1+M(p1+ep.+ap,+e’pateap.,+a’p,e Evaluation of the confinuity equaliqd) together with con-
b M) e ditions (23 and (24) then yields

Ny N Ny N

I=14+M(9+ e +ad, + 024 ead, +a’I,2
gs  ds  ds s

+...)+M2(...)+..._ .
=V, =0, (32
The sound pressure is then given fy=p—1/y. - .
The investigation of the most significant features of o~ Ny Vi,
acoustic waves emerging over spatial ranges in longitudinal 9z
direction of the order®(1) andO(a 1) requires at least - -
the introduction of the length scalesand, additionallyz, o Ve aﬂVrEZa 0 (34)
=awz. However, in order to resolve the changes of the Jo

second-order terms, e.@.,, anduv,., over long distances as - ~ N
= (9VZa aVZl 0Vrea2 -
+ -a

=0, (33

well, a third scalez,= a“z according to oW, + +aVv,.=0, (35)
gz 9z, Js

J J 17 J

———ta—+a’—

iR P a P (28)  and, furthermore,

Jd . J . - A
has to be used, because otherwise the generation of secular —(rv,,)= ﬁ—r(rvra)=0:>vr1=vra=0, (36)
terms could not be avoided. Here it should be noted that the
application of additional length scales proportional to powers 45, 19 .
of € is not necessary since the solutions will retain their ~ jwpi+ — ~+a —-(rv.)=0, (37
validity even forz as large ase™ ! or ¢ 2. Results of a
simplified study in the case of linear waves in tubes witha . .  dv, 19 .
rectangularcross section that is restricted to the leading or-  1®@Pet - tap - (rvr2)=0, (38)
der terms and thus involves only the two length scalaad . . L
: ; . dv dv Jd .

z, are presented in the Appendices A and B. jwpt+ 2228 4, .= Z (F5r.)=0, (39

Substitution of the expression®7) into the system 0z 9z, ror
(17—(21) leads to a set of equations which is valid in the o a5 14

; : : . v v “
entire width of the tube except the boundary region and, j 0P oot zea —Ze+a——(rv,€za)=0, (40)
therefore, is called theuter expansion. Close to the tube 0z JzZ; ror
wall, where the stretched lateral coordinate . Iy 9D, ddp N 149 .

1-r VOPa™ =07 T Tz, T oz, T2 ar (rorea2) =0.
§= — (29) (41)

o
As a consequence of Eq&82) and (36), the inner and

is of O(1), viscosity and heat conduction play an important . o ter expansion of the Navier—Stokes equatid gov-
role; these effects have to be accounted for by a separa&qning the radial motion give

investigation of the boundary layer. Consequently, for the

inner expansion, the coordinate then has to be replaced P4 afDE aﬁa aﬁm &ﬁ’az

with 1—as and, furthermore, s - as - s s s O (42)
d 19 1 IP. IPn Pew IPa2
— - 30 _1: €_ @ _ €@ o
ar a Js 30 ar g or ar ar 0. 43

Please note that in the inner expansion, the density terms willhis agrees with the expectation that the pressure in the
be denoted by, whereas all other inner quantities will be boundary layer is set by the pressure fluctuations in the core
written in capital letters, e.gV,.. In order to match the region, which, due to the long wavelength assumption, are
guantities arising from the two expansions, Van Dyke’sindependent of the lateral coordinate
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The set of equations following from the inner expansion
of Eq. (21) reads

\’I\,a: ’yﬁ)a_ @a ’
(44)

\i’l:'}/l’:\)l_@la \i}e: ’yﬁ)e_@ev

\i'ea: 7'560(_ éfll '
which holds for the outer expansion as well.

Substituting the expansiori27) into the Navier—Stokes
equation for the axial directiofl7) and using Eqs(32) and
(36), one obtains for the inner quantities

Vo= yP 20— 0,2,

L Va 9Py

joVa- o — o+ 5, =0 (45
oL ANy 9P, "
joVeem =5 v 57 =0 (46)
o A azflza+ 1 af/zl+al5a 9Py .
JC!) Za d2 aSZ d2 as (92 (921 — Y ( 7)
and for the outer quantities

. . 9Py
jovy+ ——-=0, (48)
.. 9P
Jovzet —=0, (49)
. Pa 9P

—+ _—
Jovzat 92, 0, (50
. OPea  IPe
JwUzeat 9z +&_Zl_0' (51)
L. 0Dz 9D, 9Py

+—+—+—=
JoVza2™ 5, dz, 9z, 0. ®2

where in the last Eq52) the relationshipiv ,; /dr =0 result-
ing from Egs.(43) and (48) has already been applied; the
other expansion terms of, appearing in Eq¥49)—(52) also
turn out to be independent of the radial coordinate

Hence, the dissipation functich defined in Eq(22) is
of the orderO(M?e%a?) in the core region an®(M?) in
the boundary layer, and the expansions of the energy equ
tion (21) take the form

00, —jo(y—1)P 76; _ (53)
JoPaimlely Yod2pr gs?
w0, —jw(y—1)P A (54)
JoBelety ¢ d?Pr 4s?
06 oy 1P 1 ‘92@”‘+ 1 96,
JoBamloly “ d?pr 9s®>  d?Pr 9s
(59
;91:(7_1)611 &e:(‘y_l)f)ev ;901:(7_1)@0”
(56)

r;f}ea:('y_ 1)ﬁea! 'Bazz('y_ 1)ﬁa2'
Upon comparison with the expressiof@&}) this shows that
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;Jl:bl! ﬁe:ﬁe! E)a:ﬁa! Z)ea:ﬁea!

Pa2=Pez. (57)

Solving system$37)—(41) and (48)—(52) for the veloc-
ity components in radial direction subject to conditi)
gives

Ue=112,21,2,), v,2=rf2(2,2,,2,),

vreazrfea(zyzlaZZ)v (58)

i}reza:rffza(zrzl!ZZ)! 8r6a2:rf6a2(2121122)'

Equation (32) in combination with Van Dyke’s matching
principle then implies that,=f ,2=0. Thus, the wave equa-
tions resulting from Eqs(37), (38), (48), and (49), which
determine the evolution of the pressure fluctuatiqns
=P,, p.=P. over distances of the ordeéd(1) (i.e., dis-
tances comparable to the wavelengtlase

2

- 9P,

<=0.

(59
Jz
Additionally, by applying the matching rules to the ex-

pressions folV,; and ©, derived from Eqs(45), (53), and
the boundary conditiofi23), one obtains

Vay = (11— (13Ddsr),

(60)
@1= Py (y—1)(1—e A+Dds{wPi2)
Precisely the same functional dependence on the boundary

layer coordinates is valid for V,, and ®, as well. As a
consequence, Eg&33) and(34) can be solved to give

. L1+ \F y—1 o
= — _ o (1+))ds\(@ PID
Vrea P1 ad 2 /—Pr (1 € )

+ (1_ e(l+j)ds\(w/2))‘| ,

(6)
. 1+ \ﬁ y—1 o
- hd _ - (1+))ds\(w P72
a- Vie2o=Pe ad 2 Pr (1-e )

+ (1_ e—(1+j)dSv‘(w/2))

Carrying out the matching procedure with the expansion
terms ofv, given by Eq.(58) leads to

- Cjo. - o
fea(z121122):p1?|:1 feza(zvzl!ZZ):pe?F!
(62
where
~ 1 v—1
F= 1+ —], 63
drzw( \/Er) 3

and it then follows from Eq9(39), (40), (50), and(51) that
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#p P R When the matching procedure is again applied to the inner
0P+ —2“: — —2w?p,F, and outer radial velocity components, one then finds that
9z (92(921
A jo .~ . A
2 2 i 0 teezaz)= (B F+O), (69
0 Pegt —o=—2-—"—20°pF.
Inspection of the relat_ionship(564) shows that in order to R i y—1\ 1-j [2.
rule out secular solutions of the form,*z, p.,<z, the G=_———|1+ S + d —F
resonant forcing terms on the right-hand sides must be anni- 2d°w ' @
hilated, generating the wave equations .
S y_1+47_1> (69)
9P L PP - 2d? Pr '
wzf)a+ p2 :01 w2p5a+ p2 :0, 2d @ R \/ﬁ
Jz Jz After substitutingo,.,2 from Egs.(58) and (68) into Eq.
2n 2n (65  (41), Eq. (52 can be recast into
1 2a L _ € 2a C _
&z&zl+w P:F=0, azazl+“’ PLF=0, . PP, PPy PPa . m
WPt B =-2 2 +w(p1F
which govern the propagation of the pressure perturbations 9z 020z, 0207
p, andp., over distances of orded(1) and, respectively, —2[31(3—2[?)“!3), (70)

the propagation of the pressure perturbatiﬁpsandf)epver
distances of orde®(«~1). The imaginary parfi(—wF) is  where the right-hand side is identified as resonant forcing,
thus identified as the leading order decay rate of the sounsince it would involve secular terms py,2. This implies that
pressure due to boundary layer attenuatit¥orth mention-  the quantityp,, has to satisfy the solvability condition

ing is the fact that the equation fpy represents the multiple o 28 £
scales equivalent to the model equation that was derived by Pa +w?p F=— P1 —wzﬁl( G- _) (71)
Piercé® (pp. 531-53 from a variational principle. 920z, 9297, 2

Proceeding in very much the same way as before, Eqsn turn, unless this right-hand side is annihilated, it would
(47) and (59) are solved for the axial velocity and the tem- jnevitably lead top, being proportional taz;. Thus, the

perature in the boundary layer: resulting equations read
A 0 asiany 5 > jds\(w/2) 20 on
Vo =0z0(1—e (111802 5 —em(1rDdsilwf2), 25 L4 I Paz _ Py WD F=
2 " 0 P2 7 0, 2oz, T p,F=0,
éa: E’a('}’— 1)(l—e_(1+1)d5v‘m) azf)l A .
T B + wzf)lH =0
f > j)dsy 929z
- pl( Y 1) —ef(lJrl)dS\“(o) Pr/2).
) Here
Substituting these expressions together with the relationships g2 j . ,
for ¥,, V,, andV,, given in Egs.(44), (60), and (6), A== 1|1+ (1_ ) o
respectively, into Eq(35), the following result for the inner d?w JPr > Jpr JPr
quantity V, .2 can be derived: with J(—»H) being the correction term to the attenuation
1+] -1 rate 3(— wF).
Vec™ ﬁa_l \/E Y_(l_ei(lﬂ)dsv‘m) The solutions of the wave equatiofB9), (65), and(72)
* i \/Er can then be written as
y—1 ﬁlzelle—jw<z+ﬁzl+ﬁz2>+621e;w<z+;zl+;,22),

+ (1_ e(1+j)d3\(w/2))‘| _ ﬁl
2ad? Pr i - R Lo
P=Ci(zp)e 12 Fa) 1 C, (7)€@ F2),

N — ) fw Pr R R ) - R ) -
1_e—(1+1)ds\e(a) Pr/2)+(1+])ds T pa:Cla(zz)efjw(erle)_i_CZQ(Zz)er(erle), (74)

ﬁea: 615&(21 vZZ)e_sz_l— 625a(zl !ZZ)eJ wZ,

X

. 1 R
—(1+j)dsV(w Pri2) | _ A _ a—(1+)j)dsy(w/2 ~ -~ : ~ ;
e e r )} plZadZ 1-e e paz:claz(zlizZ)e_sz+ C2a2(21!22)ejwz'
> i A. Results
; —(1+))dsV(w2) | 4 p - . . .

+(1+])d5\/;e (rhdsdel2l] 4 b, aq VewF The goal pursued in the study presented here is to derive
. the asymptotically correct expressions for the series imped-

X (1— e~ (1+Dds(Tam) _ J—wIA:s 67) anceZ and the shunt admittancé, which were introduced

ta ™ in Eq. (1), or, equivalently, the expressions for tube param-
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etersiC andT" defined in Eq.(3). In order to calculate the
volume flow U, the axial Navier—Stokes equatiqi7) is

averaged over the cross-sectional area and expanded wit [~ X

respect to the perturbation parametersnd «, giving

ja)l?zl-l- %=0,

jwl?ze-i- %=0,

j 00,0+ dzz &;/;1 + (952“ + %zo, (75)
— RS Rl

T
Multiple scales approximation for long tubes

L ..~ Zwikker and Kosten solution

‘R(fco /a)) Sael

o1 Ki ' fon—"""> 2N i

FIG. 2. Graphs oﬁi(fcolw) as functions of St in double logarithmic scale;
Pr=0.707,y=1.402(air at 300 K; St>1: %i(I'cy/w)=O(St™1).

second term as well, since the investigation is confined to the

Furthermore, as shown in E(28), the multiple scales tech- fist- and second-order terms of the sound pressure and the
nique applied here requires the derivatives with respeet to yolume flow. However, as far as the propagation parameter is

appearing in the definitions & andY to be replaced with
derivatives with respect to the three length scales , and
Z,. Using the wave equation59), (65), and(72) governing

concerned, all three expansion terms have to be included,
because the length of the tube might be much larger than the
wavelengths, i.e., even of the ord®(a ).

the sound pressure and the expansion terms of the volume The corresponding results for the dimensional transmis-

flow U= v that can be deduced from E5), the following

sion line parameters are presented in Appendix C. Interest-

expressions for the series impedance and the shunt admikgly, Eq. (C2) completely conforms to the results given by

tance are obtained:

oo lfd d o ,d).

T hldz Ydg Y dz)Ps
=jw+a—\/_+a—+0(ea o),

. 1(d d d (76)
S _ A

Y= |?Js<dz “dz, " “dz)"

~ =] y—1 j y—1
Z.=1+« 1—- —a? 2—2——
¢ d\/2w< JPr 2d2w< Pr
5y—3y%2—2
_L%...,
Pr
(77)
f‘=jw+ajwle+a2jw|:|+“'
1+j \ﬁ y— 21 y—1
=jota—— +a’— |1+ —
TlereTg ( rr) =

1__

2vpr] |

Keefel® which were derived by high order series expansions
of the Zwikker and Kosten solution®) with respect to the
(smal) inverse of the Stokes number. Comparison with the
expressiong14) clearly shows that the terms of the order
O(St ?) appearing in Eq(C2) must not be neglected if the
effects emerging over distancks>\ are to be incorporated
into the HFL of the series impedance and the shunt admit-
tance. In addition to providing precise solutions for the
sound pressure, the velocity components, and the other ther-
modynamic quantities, the study presented here thus extends
the validity of the Zwikker and Kosten approach to the case
of sound propagation in long tubes in the limit of large
Stokes numbergHFL), provided that the low reduced fre-
quency assumptiong) hold. In order to demonstrate this
equivalence graphically, the different solutions for the real
part of the propagation parameter resulting from E&s,

(14), and(C2) are depicted in Fig. 2.

B. Example

The results summarized so far are sufficient to evaluate
the transmission line parameters entering the four-pole trans-
fer matrix A defined in Eq(2) for a long circular duct with
isothermal walls. Exemplarily, the total load impedarie
=ps_ /U_ of a tube radiating into open space will be calcu-
lated. The parameters and e are required to be small, in
order to comply with the requirements the multiple scales
analysis elaborated in Sec. IV is based on. Furthermore, the
tube lengthL shall be so large that the nondimensional quan-

It should be emphasized that the expression for the charag—ty

teristic impedanceZ. could have been truncated after the
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is of orderO(1). These conditions can be satisfied if, e.g., a
thin tube of dimensional length 10 cm and radius 0.5 mm is
considered, the fluid is assumed to be(air300 K) and the
characteristic dimensional wavelengtiequals 7 mm, which
corresponds to a driving frequentpf approximately 50 000
Hz and leads te/a=0.071<1, /d=0.036<1, L=14.286
>1. Then one may choose=a=0.071, a=1, and d
=2.008, resulting irL;=1.020=0(1).

Since the conditiore<1 holds, the radiation impedance
can be expanded into

Z.= eieE-F 622652+ e (79

In the case of radiation of sound frqm a circular duct with an
infinite flange, the leading order terfy, is a pure imaginary
and given by

) FIG. 3. Sketch and notation of a duct radiating into half-space.
Zee=Lejo, (80)
viscothermal effects accumulating over the considerably
large length of the tube. It should be emphasized that the
arguments of the functions 1/cashand tank-) always con-
tain a real part of orde®(1), sincel is assumed to be of
order O(1). Thus, the moduli of these terms will remain
O(1) quantities as well, even if the dimensional tube length
assumes a value close ta+1/2)c,/(2f), wheren is an
2e5 integer ofO(a 1), i.e.,L;~a(n+1/2)w/ . This is in con-
5 trast to the well-known resonance phenomenon occurring in
cos)‘(ijl(EHA:) shorter tubes, where thermal and viscous effects contribute
o much less to the total load impedance.
—)J y—1 . -
Pl = A (R
The radiation impedance at the flanged opening will ex-
ijlI:l cite higher-order modes in the backward propagating wave.
2|t However, due to the long wavelength assumptiene<1
these modes have cut-off frequencies well above the driving

frequencyw/(27) and, consequently, die out rapidly within a
) spatial range comparable to the radius of the cross section,

wherelL.=0.82174 is the so-called quasistatic end correc-
tion. The validity of this result will be proved in Sec. IV C.
Substituting the solutions from E(Z7) and the relation-
ship ps; /U, =Z, into Eq. (4), a series expansion of the re-
sulting total impedance with respect ¢éoand « then yields
(see Appendix C for the dimensional form of this repult

+e€

-~ Ps- ) 1 .
Zt=ai=tam(1wL1(;+F

=

C. End correction for circular tubes with an infinite
flange

+

Z4F

cos)‘(ijl
V( []w 1+j \/>< y—l) .
=tanh L4 —+ —— leaving only the lowest mode to propagate over any longer
@ d VPr distance along the tubesee Ref. 14, p. 499 In order to
resolve the details of the flow close to the exit of the duct, a
separate perturbation analysis is therefore necessary: For

1—j ( y— 1) convenience, the origin of the axial coordinate is set to the

ta d\2w JPr position of the opening as shown in Fig. 3. Similarly to the
inner expansion for the boundary layer, a stretched inner co-
ordinate for the end region
e l+]\/> y—1 z 9 19 o
Xtan 1;4- d \/_r é’_;, E_)Z(Tg (82)

. can then be introduced. The quantities arising from this sec-

—Ze. 1+ E( __r ond inner expansion will be denoted by the subsaegipt
« \Pr 2.\Pr Substitution of the expressiorig7) into the basic equa-
+ ja) 1+] y—1 e tions (17)—(21) in the same manner as was done in Sec. IV
cosh Ly| —+ —— \[ leads to
o« d T A
Vv -
(81) (;Sel = 0=V, 0, =0, (83)

which reveals the fact that in the case ot«, the effects R
resulting from the radiation at the end of the tube enter the  9Vzel 1
expansion of the total impedance at the same order as the  d¢ r ar

—(rv rel) 0, (84
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IPe _ P _ IPeq Ve1=(y— 1)E)e1’ Dee=(y— 1)be5!

Js Js Js =0, (85 . R
" " ~ 19eafz (7_ 1)pea ’ (92)
apel &pea oA 0-'pee ) .
a  ar =0, Jwvre1+37=0, (86) showing that the Ieadlpg order term of the sound pressure
and the correction term,, do not change at all in the end
‘i’elz Yﬁ’el—el, ‘i'ef yﬁ’ee—@)ee, region /<0. Obviously, the second-order teqm, satisfies
~ - - the Laplace equation
Veu=YPer— e, (87 ”n .
R . A R . A %Dec 19 IPec
Pe1= YPe1~ Ve1s  Pec™ YPee™ Vee {<0: 5_226+a27(7_r(r 5: ):0, (93
pfa ypef Dea: i A - subject to the boundary condition
IPe1  IPeq - 1 0V,q Pe. )
24 4 0. JoVza d? 9s? B 4 0 r=1: %zo. (94)
(89) ar
Me1 Mo o IPec _ In the regi(_)n out_side the_tube Wh_ere the dimensional
g = oy =0, jowv,gqt (9—§=0, (90 axial and the dimensional radial coordinate are comparable
to the wavelength, i.ez=0(1) andr=0(1/e), the expan-
R R 1 9204 sion terms of the pressure fluctuations are determined by a
jwBOg—jo(y—1)Pg— > > =0, set of Helmholtz equations. However, close to the mouth
d“Pr s where {=0(1) andr=0(1), the Helmholtz equation for
A . 20 Pe. reduces to the Laplace equation so that @8) turns out
joOe—jw(y—1)Pee— —— 2'*:0, (91)  to hold equally well for{>0. Moreover, the quantitiepe;
d°Pr ds and p,, are found to fulfill Eqs.(86) and (90) outside the
1 526 tube too. Since the acoystic waves spread hemispherically,
jw(:)ea—jw(y— 1)|5ea_ = e 0, the pressure perturbatign.. in the region{>0 thus is re-
d?Pr 9s® lated to the axial velocity in the opening by

1 1 2m 1
>0:Ae,r='w—Jr{; rf dgdr
¢ Pee({,1) =] 2am ) zea(r+) o \/§2+r2+ri—2rr+cos{ﬂ) Bdr
N R ”
=Jw5for+vzel(r+)Jo e () J(7r)drdr,, (95
|
with v,(r ;) given by the relationship in Eq90), whereas C1.(0)+ ¢, (0)
one obtains for the other expansion terms LeZW- (99
(>0 Per({,r)=0, Pey(¢,r)=0. (96)

_ _ A summary of this investigation can also be found in the
Evaluation of Eqs(86) and (90) renders Eq(96) valid for  paper by Howé?” Using a variational approach based on trial
{<0 as well. As a consequence, Van Dyke’s matching rulesunctions, Rayleigh obtained an approximate value of the

applied to the outer solutior(§4) give end correction as .=0.82424. In addition, Danieft* pro-
Ao - . vided a solution bounded by the narrow range 0.82141
C11=~Ca1,  €1a(0)=—C24(0) (97 <al,<0.82168. More recently, other authors, e.g., Norris

and Shend? calculated the quasistatic as well as the dy-
namic reflection of sound from the end of a flanged pipe by
{—=% Pee—C1(0)+Co(0) —2j wCyyl. (98)  implementing a rational function approximation with the
Bessel functions used as basis functions. In these studies,
Interestingly, Egs.(93), (94), (98), together with the more accurate numerical results for the end correction in the
boundary condition that can be deduced from Ep) by limit of zero frequency are presented which are all very close
taking the limit ast—0+, turn out to constitute precisely the to the valueL .=0.82174 also presented in Sec. IV B.

and, furthermore,

same system of equations that was solved by Rayldigh Finally, introducing the relationshif®9) in co