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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.

New Fellows of the Acoustical Society of America

Jens Holger Rindet—For research and
teaching in room acoustics.

Robert S. Schlauch—For contributions
to understanding intensity perception
and attentional factors in hearing.

Ronald McKay—For contributions to
the acoustics of performance spaces and
teaching facilities.

Schultz Grant deadline extended

Applications for the seventh Theodore John Schultz Grant to be
awarded by the Newman Fund will be received up to 30 June 2003. Thd2-16 May
Grant will be made in late summer of 2003.

The grant, usually in the amount of $3000, provides partial support for
the development of improved teaching methods, new curricula, or research3—25 June
in architectural acoustics education. Applicants must have teaching experi-
ence in acoustics and should manifest a strong desire to develop improved
methods and materials for teaching architectural acoustics.

Applicants should send a curriculum vitae, a letter describing how the27—-30 July
grant will be used, and an outline budget indicating expenses for which
support is being sought. Applications and attachments should be postmarked
no later than 30 June 2003 and mailed to: Newman Student Award Fund,
Acoustical Society of America, Attn: Schultz Grant, 2 Huntington Quad-
rangle, Suite 1INO1, Melville, NY 11747-4502.

5-8 Oct.

USA Meetings Calendar

Listed below is a summary of meetings related to acoustics to be held0—14 Nov.
in the U.S. in the near future. The month/year notation refers to the issue in
which a complete meeting announcement appeared.

2003
145th Meeting of the Acoustical Society of America,
Nashville, TN [Acoustical Society of America, Suite
1NO1, 2 Huntington Quadrangle, Melville, NY 11747- 24-28 May
4502; Tel.: 516-576-2360; Fax: 516-576-2377; E-mail:
asa@aip.org; WWW: asa.aip.drg
SAE Noise & Vibration Conference & Exhibition,

28 April-2 May

5-8 May

J. Acoust. Soc. Am. 113 (4), Pt. 1, April 2003  0001-4966/2003/113(4)/1767/6/$19.00

Traverse City, MI[P. Kreh, SAE International, 755 W.
Big Beaver Rd., Suite 1600, Troy, Ml 48084; Fax: 724-
776-1830; WWW: http://www.sae.ofg

Symposium on Environmental Consequences of Under-
water Sound (ECOUS, San Antonio, TX
[www.Isro.org/ECOUS

NOISE-CON 2003, Cleveland, ONCE Business Of-
fice, lowa State Univ., 212 Marston Hall, Ames, IA
50011-2153; Fax: 515-294-3528; E-mail:
ibo@ince.org.

1st Conference on Acoustic Communication by
Animals, University of Maryland, College Park,
MD [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.org/
communication.htnjl

IEEE International Ultrasonics Symposium, Honolulu,
HI [W. D. O’'Brien, Jr., Bioacoustics Research Lab.,
Univ. of lllinois, Urbana, IL 61801-2991; Fax: 217-244-
0105; WWW: www.ieee-uffc.ory

146th Meeting of the Acoustical Society of America,
Austin, TX [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: asa.aip.drg

2004
75th Anniversary Meeting147th Meeting of the
Acoustical Society of America, New York, NfMAcous-
tical Society of America, Suite 1INO1, 2 Huntington
Quadrangle, Melville, NY 11747-4502; Tel.: 516-576-
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2360; Fax: 516-576-2377;
WWW: asa.aip.orf

3-7 Aug.
and Cognition, Evanston, IL[School of Music,
Northwestern Univ., Evanston, IL 60201; WWW:
www.icmpc.org/conferences.htinl

15-19 Nov. 148th Meeting of the Acoustical Society of America,

San Diego, CAlAcoustical 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: asa.aip.drg

Cumulative Indexes to the Journal of the
Acoustical Society of America

E-mail: asa@aip.org; aoyama, Katsura, Communication Disorders, Texas Tech. Univ. Health Sci.

Ctr., 3601 4th St., Stop 6073, Lubbock, TX 79430-6073

8th International Conference of Music Perception Arieh, Yaov, John B. Pierce Lab., Inc., 290 Congress Ave., New Haven, CT

06519

Banchet, Julian, R/D Tech, 505 Boul. Du Parc Technologique, Quebec, PQ
G1P 4S9, Canada

Basinger, David L., Otologics, 5445 Airport Blvd., Boulder, CO 80301

Bauhs, John A., 13 Red Fox Rd., North Oaks, MN 55127-6323

Bayley, Antony M., Plantronics Limited, OEM Engineering, Interface Busi-
ness Park, Bincknoll Ln., Wootton Bassett, Wilshire SN4 8QQ, U.K.

Beardsley, Reginald H., 11507 Mile Dr., Houston, TX 77065

Benazzato, Roberto, Via Vicenza 76, Camisano Vic. No. 36043, Italy

Berger, Ralph, 22 Apple Ridge Rd., Cumberland, Rl 02864

Bistafa, Sylvio R., Mechanical Engineering, Univ. of Sao Paulo, Av. Prof.
Mello Morhes, 2231, Sao Paulo SP 05508-900, Brazil

Ordering information: Orders must be paid by check or money order inBoOn Siong, Wee, Block 506, Bedok North Ave. 3, #16-329, 460506 Sin-

U.S. funds drawn on a U.S. bank or by Mastercard, Visa, or American 92P0re
Express credit cards. Send orders to Circulation and Fulfillment Division Brigham, Jonee Kulman, 678 Co. Rd. B., East, Maplewood, MN 55117
American Institute of Physics, Suite 1NO1, 2 Huntington Quadrangle,Brodeur, Pierre, SoniSys LLC, 1734 Cooper Lake Dr., Smyrna, GA 30080-

Melville, NY 11747-4502; Tel.: 516-576-2270. Non-U.S. orders add $11 per 6400

index.
Some indexes are out of print as noted below.
Volumes 1-10, 1929-1938 JASA and Contemporary Literature, 1937—

Buckingham, Christian E., NSTD, Johns Hopkins Univ., Applied Physics
Lab., 11100 Johns Hopkins Rd., MS 8-314, Laurel, MD 20723-6099
Campos Rodriguez, Arturo, Calle 25 No. 419-A X52, Jadines de Merida,

1939. Classified by subject and indexed by author. Pp. 131. Price: ASA Merida, Yucatan 97135, Mexico

members $5; Nonmembers $10.
Volumes 1120, 1939-1948 JASA, Contemporary Literature, and Patents.

Carkner, Phil, Siplast, 1000 East Rochelle Blvd., Irvine, TX 75062
Cheyne, Harold A., Voice and Speech Lab., Massachusetts Eye and Ear

Classified by subject and indexed by author and inventor. Pp. 395. Out of Infirmary, 243 Charles St., Boston, MA 02114

print.
Volumes 21-30, 1949-1958 JASA, Contemporary Literature, and Patents.

Christensen, James L., Sunwest Technologies, Inc., 1050 Pioneer Way, Suite
H, El Cajon, CA 92020

Classified by subject and indexed by author and inventor. Pp. 952. pricdehulani, Haresh M., Electronics Dept., Inst. de Astrofisica de Canarias, c/via

ASA members $20; Nonmembers $75.
Volumes 31-35, 1959-1963 JASA, Contemporary Literature, and Patents.

Classified by subject and indexed by author and inventor. Pp. 1140. Price:

ASA members $20; Nonmembers $90.

Volumes 36-44, 1964-1968 JASA and Patents. Classified by subject and
indexed by author and inventor. Pp. 485. Out of print.

Volumes 36-44, 1964-1968 Contemporary Literature. Classified by sub-
ject and indexed by author. Pp. 1060. Out of print.

Volumes 45-54, 1969-1973 JASA and Patents. Classified by subject and
indexed by author and inventor. Pp. 540. Price: $g@perboung ASA
members $2%clothbound; Nonmembers $60clothbound.

Volumes 55-64, 1974-1978 JASA and Patents. Classified by subject and
indexed by author and inventor. Pp. 816. Price: $g@perboung ASA
members $2%clothbound; Nonmembers $60clothbound.

Volumes 65-74, 1979-1983 JASA and Patents. Classified by subject and
indexed by author and inventor. Pp. 624. Price: ASA members($2per-
bound; Nonmembers $7%clothbound.

Volumes 75-84, 1984-1988 JASA and Patents. Classified by subject and
indexed by author and inventor. Pp. 625. Price: ASA members($&per-
bound; Nonmembers $80clothbound.

Volumes 85-94, 1989-1993 JASA and Patents. Classified by subject and
indexed by author and inventor. Pp. 736. Price: ASA members(f$&per-
bound; Nonmembers $8Qclothbound.

Volumes 95-104, 1994-1998 JASA and Patents. Classified by subject and
indexed by author and inventor. Pp. 632. Price: ASA members(fdper-
bound; Nonmembers $90clothbound.
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Li, Fenghua, National Lab. of Acoustics, Inst. of Acoustics, CAS, No. 1 Rozo, Juan Pablo, Acustec de Colombia, Calle 84, #20-39, Bogata, c/Marca,
Zhongguancun Rd., P.O. Box 2712, Beijing 100080, China Colombia
Line, Kenneth S., Hewlett-Packard, 11311 Chinden Blvd. 5U, MS 536,Salvadores, Silvia R., Servicio Naval de Investigacion y Desarrollo, Div.
Boise, ID 83714 Acustica Submarina, Av. Libertador 327, Vicente Lopez, Buenos Aires
Lussier, Justin R., 123 Bennett St., #2, Brighton, MA 02135 1638, Argentina
Mackenzie-Hoy, Terry, Mackenzie-Hoy Consulting Electrical and Acoustics Schultz, William J., CMA, Inc., 205 Earl Rd., Shorewood, IL 60431
Engineers, 78 Hout St., Cape Town 7405, South Africa Schwartz, Martin H., Northrop Grumman, 21240 Burbank Blvd., Woodland
Marburg, Steffen, Inst. Fuer Festkoerpermechanik, Technische Univ. Dres- Hills, (?A 91367 )
den, Dresden 01062, Germany Scott, Kimberly R., 1127 Narcisco St., NE, Albuquerque, NM 87112
Marchand, Sylvain, 27 Residence de Camponac, Pessac, Gironde 33608)aW Mark T., Engineering, Sonatech, Inc., 879 Ward Dr., Santa Barbara,
France CA 93111

Mariano, Marcos, Caixa Postal 66, Santa Branca S. Paulo, 12380-970 Brazitimada, Shoji, Electrical Engineering, Nagaoka Univ. of Technology,
Martens, William L., Graduate Dept. of Information Systems, Univ. of Aizu, 1693'1_ KamlFomlc?ka, Naga_oka,_ N‘ugata 940—2188,‘Japan
Tsuruga, Aizu-Wakamatsu, Fukushima 965-8580, Japan Shuri, Hideyuki, Universal Shipbuilding Corp., Technical Research Ctr., 1-3

: . : f Kumozukokan-cho, Tsu-City, Mie-Pref 514-0398, Japan
Masiello, Brian L., Cavanaugh Tocci Associates, Inc., 327F Boston Pos " )
Rd., Sudbury, MA 01776 %korsku Ill, Edwin S., Artec Consultants, Inc., 114 West 26th St., Floor 12,

: : New York, NY 10001-6812
Mazza, Riccardo, Strada Valpattonera 131, Torino 10133, ltaly . ' .
Medina, Thomas, Naval Undersea Warfare Ctr. Division/Keyport, Acousticssm't.h’ Gordon P., Dept. of 'Phy5|cs and Astronomy, Western Kentucky
. Univ., 1 Big Red Way, Bowling Green, KY 42101
Analysis, C/532, 610 Dowell St., Bldg. 1003T, Keyport, WA 98345
Soker, Joseph N., Halutz 28 St., Jerusalem 96222, Israel

Meyers, James A., 2712 East 10th St., Bremerton, WA 98310 S . .

. . : Soler, Jaume, Acoustic Dimensions, 145 Huguenot St., Suite 406, New
Mihammad, Asim |., H. #323 Main Margalla Rd., F-11/3, Islamabad 44000,

Pakistan Rochelle, NY 10801

) . Speaker, William H., 59150 Button Willow Dr., Clark, CO 90428

mOnItlllck,BTer'ry, _89(!;’|dgetAve., PdaXVtUCkf.t’ FIQIAOZ%.Ot 200 E tive D Stockmann, Elle S., Research Lab. of Electronics, Speech Communications

uefler, senjamin ., Ostergaard Acoustical Associates, xecutive Dr., Group, 77 Massachusetts Ave., Rm. 36-511, Cambridge, MA 02139

Wegt Orange, NJ 0705_2 . . o Su, Rosemary, Cavanaugh Tocci Associates, Inc., 327F Boston Post Rd.,
Myshinsky, Ernst L., Ship and Industrial Acoustics, Krylov Shipbuilding, Sudbury, MA 01776

Research Inst., Moskovskoye Shosse 44, St. Petersburg 196158, Russia, \herla. Curt A. L.. 1102 Norris Ln.. Fairbanks. AK 99712-3018
Naylor, Graham, Oticon A/S, Kongevejen 243, Snekkersten 3070, Denmarkq;yq Niichael M. YO—Five Studio ,’\10. 25 Lad‘oke Akintola Ave.. New
Niezrecki, Christopher, Mechanical and Aerospace Engineering, Univ. of Bodija, Ibadan, Oyo State 30667, Nigeria

Florida, P.O. Box 116250, Gainesville, FL 32611-6250 Takano, Sayoko, CREST-JST/ATR, Dept. 1-HIS, 2-2-2 Hiraridai, Seika-cho,
Nomura, Hideyuki, Esta-Argo No. 101, Asahi-machi 34 gaiku 7, Kanazaea- garaku-gun, Kyoto 619-0288, Japan
shi, Ishikawa 920-0941, Japan Tao, Dongling, 46079 Hanford Rd., Canton, MI 48187

Nowacek, Douglas P., Mote Marine Lab., Ctr. for Marine Mammal and SeaTriyett, David, Mechanical Engineering, Georgia Inst. of Technology, 771
Turtle Research, 1600 Ken Thompson Parkway, Sarasota, FL 34236 Ferst Dr., Atlanta, GA 30332

Ohki, Michio, School of Applied Sciences, National Defense Academy,vjick, Jennell C., Speech Communication Group, MIT, 36-511, 77 Massa-

1-10-20 Hashirimizu, Yokosuka, Kanagawa 239-8686, Japan chusetts Ave., Cambridge, MA 02139

Ohm, Wonsuk, 307-550 Lang's Rd., Ottawa, ON K1K 4C2, Canada White, Lee A., 1358 Johnson Rd., Keller, TX 76248-4205

Oldham, David J., Architectural and Bldg. Eng., Univ. of Liverpool, Aber- white, Ronald G., Decoustics, 65 Disco Rd., Toronto, ON MOW 1M2,
crombie Square, Liverpool L69 3BX, U.K. Canada

Oliver, Patrick J., Research and Development, VAW Systems Ltd., 1300¥ilson, Rhonda J., Meridian Audio Limited, Stonehill, Stukeley Meadows,
Inkster Blvd., Winnipeg, MB R2X 1P5, Canada Huntingdon PE29 6EX, U.K.

Olson, John V., Geophysical Inst., Univ. of Alaska, 903 Koyukuk Dr., Fair- Wood, Russell D., OneSource BT, 961 Burke St., Winston Salem, NC 27101
banks, AK 99775 Wright, Matthew C. M., ISVR, Univ. of Southampton, Southampton SO17

Osborne, Daniel L., Geophysical Inst., Univ. of Alaska, P.O. Box 75-7320, 1BJ, U.K.
Fairbanks, AK 99775-7320 Wu, Jian-Da, Dept. of Mechanical and Automation, Da-Yeh Univ., 112

Overweg, Cornelis H., Acentech, Inc., 1429 East Thousand Oaks Blvd., Shan-Jeau Rd., Da-Tsuen, Chang-Hwa 515, Taiwan
Suite 200, Thousand Oaks, CA 91362 Xu, Mubing, 1502-C King Ave., Columbus, OH 43212

Page, John H., Physics and Astronomy, Univ. of Manitoba, 301 Allen Bldg.,Yan, Hong Y., Biology Dept., Univ. of Kentucky, 101 Morgan Bldg., Lex-
Fort Garry Campus, Winnipeg, MB R3T 2NS, Canada ington, KY 40506

Park, Je-Geun, Dept. of Physics, SungKyunKwan Univ., Jangan Gu, Suwonyang, Yuzhen, Deere & Company, Technology Ctr., One John Deere Place,
Kyeonggi Do 440-746, Korea Moline, IL 61265

Pehl, Gerald J., 608 40th Ave., NE, Columbia Heights, MN 55421 Zapala, David A., Audiology, Mayo Clinic—Jacksonville, 4500 San Pablo

Pernod, Philippe, Inst. D’Electronique de Microelectronique et de Nanotech- Rd., Jacksonville, FL 32224
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Zeng, Qingian, United Technology Research Citr., 411 Silver Ln., East HartHisagi, Miwako, Speech and Hearing Science, City Univ. of New York,

ford, CT 06108 Graduate Ctr., 365 Fifth Ave., Rm. 1707, New York, NY 10016-4309
Zhang, Zhaoyan, 3426 Tulane Dr., Apt. 34, Hyattsville, MD 20783 Hoyle, Matt, 154 Barnard Ave., Apt. E, Asheville, NC 28804
Zigler, Gary R., Design Engineering, Hufcor, Inc., 2101 Kennedy Rd.,Hsieh, Li-Wen, 3-Fl., No. 4, Ln. 74, Shinglin 2nd Rd., Beitou Chiu, Taipei,
Janesville, WI 53545 112, Taiwan, ROC

Ingvalson, Erin M., Carnegia Mellon Univ., Psychology, Baker Hall, Pitts-
burgh, PA 15213
Johnston, Miles C., 2327 Floyd Ave., #2, Richmond, VA 23220

New Students Jones, Guenevere J., School of Aquatic and Fisheries Science, Univ. of

Aaronson, Neil, 1135 Michigan Ave., East Lansing, Ml 48823 Washington, P.O. Box 355020, Seattle, WA 98195-5020
Al-Khairy, Mohamed A., Program in Linguistics, Univ. of Florida, P.O. Box Jorge, Alvarez D., Casilla 640, Santa Cruz de La Sierra, Bolivia
115454, Gainesville, FL 32611-5454 Joyce, Andrea L., Dept. of Entomology, Texas A&M Univ., Minnie Belle
Allen, Peter B., 3502 Pipers Path, San Antonio, TX 78251 Heep Bldg. 412, College Station, TX 77843
Alvarado-Juarez, Miguel, 210 Monterey Rd., Seaside, CA 93955 Kang, Kookjin, Dept. of Sensor Engineering, Kyungpook National Univ.,
Alves, Steven A., Engineering, Univ. of Western Ontario, 1151 Richmond 1370 Sankyukdong, Bukgu, Daegu 702-701, Korea
St., Suite 2, London, ON N6A 5B8, Canada Kawakami, Akira, Akiba Heights A-1, 98-2 Yoneda, Yoneda-cho, Takasago,
Ardila, Mauricio, 624 Hinman Ave., #2, Evanston, IL 60202 Hyogo 676-0805, Japan
Beers, Christopher J., 11481 Chapin St., Chesterland, OH 44026 Kennedy, Daniel J., 40A St. Benedicts St., Norwich NR2 4AQ, England
Bell, Andrew, Research School of Biological Sciences, Australian NationalKhioe, Fung Wah, Dept. of Chinese, Translation and Linguistics, City Univ.
Univ., P.O. Box 476, Canberra ACT 2601, Australia of Hong Kong, 83 Tat Chee Ave., Kowloon, Hong Kong, China

Bernhardt, Elizabeth A., 102 Whitebluff Ln., Apt. LB, Cary, NC 27513 Khodayari-Rostamabad, Ahmad, No. 73, Saqgafi Ave., Seraj St., Farjam St.,
Berry, Julie C., Universite Laval, Architecture, Quebec, QC G1K 7P4, Tehran 16867-36163, Iran

Canada Konepally, Niranjan R., 2058 Grand Blvd., Apt. 101, Montreal, QC H4B
Boukis, Christos G., Electrical Engineering, Imperial College, Exhibiton 2W8, Canada

Rd., London SW7 2BT, U.K. Kusel, Elizabeth T., Mathematical Sciences, Rensselaer Polytechnic Inst.,
Bowles, Benjamin G., Boston College, Dept. of Physics, 140 Common- 110 8th St., Amos Eaton Rm. 301, Troy, NY 12180

wealth Ave., Chestnut Hill, MA 02467 Kuster, Martin, Renswoudelaan 132, Den Haag ZH 2546XK, The Nether-
Bozinoski, Radoslav, 2448 North Fairview Ln., Rochester Hills, Ml 48306 lands
Bracken, Jeffery A., 267 Gerald St., State College, PA 16801 Lampropoulos, Iraklis E., 2180 14th St., Apt. #2, Troy, NY 12180
Brooks, Christopher J., Happy Landings, Salthill Rd., Fishbourne, Chichestarsen, Jeffrey B., 2218 8th St. Cir., Charleston, IL 61920

ter, West Sussex PO19 3QD, U.K. Lee, Hyun-Kook, Inst. of Sound Recording, Univ. of Surrey, Guildford,
Caclin, Anne, IRCAM-CNRS, 1 place Igor Stravinsky, Paris F-75004, Surrey GU2 7XH, England

France Lefkowitz, Kimberly, A., 16 Stonehedge Rd., West Nyack, NY 10994
Chan, Hsiang-Chih, National Sun Yat-Sen Univ., Inst. of Undersea TechnolLi, Deyu, Mechanical Engineering, Univ. of Pittsburgh, Benedum Hall 560,

ogy, 70 Lien-hai Rd., Kaohsiung 804 Taiwan, ROC 3700 O’Hara St., Pittsburgh, PA 15261
Choi, Sangsook, 1617 “F” St., Apt. 17, Lincoln, NE 68508 Li, Kang, Speech and Hearing Sciences, Univ. of Arizona, 1131 East 2nd
Choy, Bill, VTech Telecommunications, Ltd., 23/F Tai Ping Industrial Cen- St., Tucson, AZ 85721

ter, Block 1, 57 Ting Kok Rd., Tai Po., China Li, Qingmei, Ocean Engineering, Florida Atlantic Univ., 101 North Beach

Christensen, Mads G., Vestergade 9, 3.tv., Norresundby DK-9400, Denmark Rd., Dania Beach, FL 33004
Coudriet, Gregory A., 144 Oakwood Ave., Apt. C1, West Hartford, CT Liaw, Lily, 5190 Panama Ave., Richmond, CA 94804

06119 Low, Stephen W. K., SIM Open Univ. Center, Faculty of Science, Math-
Crave, Olivier, 26 Route de Rorh-Mez, Ploemeur, Morbihan 56270, France ematics and Technology, 461 Clementi Rd., Singapore 599491, Singapore
Cruikshank, Matthew E., Columbia College, 600 South Michigan, Chicago,Maguluri, Gopi N., AME, Boston Univ., 110 Cummington St., Boston, MA

IL 60605 02215
DeDecker, Paul M., Linguistics Dept., New York Univ., 719 Broadway, New Marshall, Vincent T., Biological Sciences, Univ. of Missouri, 213 Tucker
York, NY 10003 Hall, Columbia, MO 65211-7400
Diankha, Ousmane, Information and Computer Sciences, Saitama UnivMartinez, Meysa A., 509 Alafaya Woods Blvd., Apt. C, Oviedo, FL 32765
255 Shimo-Okubo, Saitama-shi, Saitama-ken 338-8570, Japan McCabe, Marie E., 3424 Brookline Ave., Apt. 7, Cincinnati, OH 45220
Duncan, Edward C., Rensselaer Polytechnic Inst., Engineering Science, 148ehta, Pavak A., Mechanical Engineering, The Ohio State Univ., 206 West
Sunset Terr., Troy, NY 12180 18th Ave., Columbus, OH 43210
Elkhater, Ramzi W., 3205 East Flamingo Rd., Las Vegas, NV 89121 Messum, Piers R., 112 Warner Rd., London SE5 9HQ, U.K.
Everhard, lan L., 245 West North Ave., Apt. 208, Chicago, IL 60610 Methuku, Reddy S., Dept. of Audiology, All India Inst. of Speech and Hear-
Faust, Bryan K., 8 Old Town Rd., #525, Ayer, MA 01432 ing, Mysore-6, Karnataka 57006, India
Fedak, Larissa A., 983 Summit Ave., Jersey City, NJ 07307 Modarresi, Golnaz, 4116 Burney Dr., Austin, TX 78731
Feinberg, David R., Psychology Dept., Univ. of St. Andrews, St. Mary's Mooney, Aran T., Zoology, Marine Mammal Research, Univ. of Hawaii,
Quad, St. Andrews, Fife KY16 9JU, Scotland P.O. Box 1106, Kailua, HI 96734
Ford, N., 3 Whitwick Rd., Copt. Oak, Markfield, Leicestershire LE67 9QB, Morris, Gary L., 106 Mervine St., Monterey, CA 93940
U.K. Moseley, Stephen C., 677B Waupelani Dr., State College, PA 16801
Fuchs, Susanne, Ctr. for General Linguistics, ZES, Jaegerstr. 10-111, BerliNaidu, Manish, 635 Cotanche St., #505, Greenville, NC 27858
10117, Germany Nichols, Matt J., Columbia College, 676 North LaSalle, Chicago, IL 60610
Ganapathiraju, Madhavi K., Language Technologies Inst., Carnegie Mellomieva, Luis, 237 Cummins Highway, Apt. A31, Roslindale, MA 02131
Univ., NSH 4602, Pittsburgh, PA 15213 Nuar, Nicholas C., P.O. Box 27366, Lansing, Ml 48909
Gokhale, Nachiket H., Aerospace and Mechanical Engineering, Bostoi©’Gorman, David E., Eaton-Peabody Lab. of Auditory Physiology, 243
Univ., 110 Cummington St., Boston, MA 02215 Charles St., Boston, MA 02114
Gudigundla, Sai P., 2855 Kendale, Apt. 101, Toledo, OH 43606 Oh, Suntaek, Ocean Acostics Lab., Dept. of Earth & Marine Sci., Hanyang
Haller, C. E. Kristian, Mechanical Engineering, Blekinge Inst. of Technol- Univ., 1271 SA-1 Dong, Ansan-Si, Kyungki-do 425-791, Republic of Ko-
ogy, Valhallav 1, Karlskrona 37151, Sweden rea
Hanlon, Ellie H., 342 Dean St., Brooklyn, NY 11217 Owen, Neil R., Applied Physics Lab., Ctr. for Industrial and Medical Ultra-
Hardy, Pierre, Ecole Centrale de Lyon, Bat, E6, 36 Ave. Guy de Collongue, sound, 1013 NE 40th St., Seattle, WA 98105
Ecully 69130, France Pacheco, Andres A., El Ciruelillo, 3981, Vitacura, Santiago, Chile
Hastings, Aaron L., Mechanical Engineering, Purdue Univ., 1077 Ray W.Paek, Insu, Mechanical Engineering, Herrick Labs., Purdue Univ., 140
Herrick Labs., West Lafayette, IN 47907-1077 South Intramural Dr., West Lafayette, IN 47907-2031
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Park, Jong Beom, Mechanical Engineering, Purdue Univ., Rm. 243, HerriclDunbar, John A., Dept. of Geology, Baylor Univ., 1311 South Fifth St.,

Lab., West Lafayette, IN 47907 Waco, TX 76798
Pugh, Adam G., Vanderbilt Station B, Box 28444, Nashville, TN 37235- Hobelsberger, Max, Dorfstr. 16, Wuerenlingen 5303, Sweden

2844 Houghton, Benjamin A., Shen Milsom & Wilke, Inc., 3300 North Fairfax
Reller, Christoph, Rosalind Close 28, Colchester, Essex CO4 3JH, U.K. Dr., Ste. 302, Arlington, VA 22201
Ripley, Jennifer, L., 221 Roberts St., Fairmount, WV 26554 Hunt, Dave L., Dave Hunt Audio, 30 Stronsa Rd., London W12 9LB, U.K.
Rollins, Sarah, 660 North 200 East, #14, Provo, UT 84606 Irza, John, Syngus Technology, Inc., 23 Richardson Ave., Arlington, MA
Rozell, Christopher J., ECE, Rice University, MS 366, P.O. Box 1892, 02476

Houston, TX 77251-1892 Johansen, Espen S., Weatherford, 16600 Park Rd., Houston, TX 77084

Saad, Omar, 30 Cambridge Park Dr., #2136, Cambridge, MA 02140 Jones, Edward, Electronic Engineering, National Univ. of Ireland, Galway,
Sainclair, Suzanne S., Communications Sciences and Disorders, Penn Stat&niversity Rd., Galway, Ireland

Univ., 110 Moore BIdg., University Park, PA 16802 Kellett, Paul, Human Factors in Sound and Vibration, QinetiQ, Iveley Rd.,
Sarpun, Ismail, Adnan Menderes Blv. Diker, Apt. Mo. 136/4, Afyon 03040, Farnborough, Hants GU14 OLX, U.K.
Turkey Krasnic, Alexandre S., 57 Brookfield Rd., London W4 1DF, U.K.

Seal, Chris R., Wake Forest, P.O. Box 28352, Winston-Salem, NC 27109 Latimer, Paul J., 1045 Bannister Cir., Waldorf, MD 20602

Seckman, Aaron M., Studiomedia Recording, 1030 David St., Evanston, IIMartellotta, Francesco, Politecnico di Bari, Dipt. Di Fisica Technica, via
60201 Orabona 4, Bari 70125, Italy

Seo, Jongbum, Biomedical Engineering Dept., Univ. of Michigan, Biomedi-Nagar, Ron, Glucon, P.O. Box 3098 K. Arye, Petach Tikva 49130, Israel
cal Engineering Dept., 2350 Hayward, 3304 G. G. Brown, Ann Arbor, MI Pardue, Sally J., Mechanical Engineering, Tennessee Technological Univ.,

48109-2125 115 West 10th St., Box 5014, Cookeville, TX 38505
Shirai, Setsuko, Dept. of Linguistics, Univ. of Washington, Box 354340, Peters, Dennis J., Science Applications Intl. Corp., Gulf Coast Office, 1140
Seattle, WA 98195-4340 Eglin Parkway, Shalimar, FL 32579
Shub, Daniel E., Harvard-MIT Div. Of Health Sci. and Tech., Hearing Re- Pompei, F. Joseph, 51 Water St., Watertown, MA 02472
search Ctr., 44 Cummington St., Boston, MA 02215 Sanchez, Maria M., Estebanez Calderson 7, 8C, Madrid 28020, Spain
Sieler, Ryan G., 525 8th Ave., SE, Apt. 2, Minneapolis, MN 55414 Schaub, Edward, Physics Dept., Baylor Univ., P.O. Box 97316, Waco, TX
Smith, Heather M., Physics Dept., Brigham Young Univ., N283, ESC, 76798-7316
Provo, UT 84602 Schwartz, David A., Duke Univ., Neurobiology, 3209 DUMC, Durham, NC

Sparks, Geoffrey S., 1101 Saint Paul St., Unit 811, Baltimore, MD 21202 27710

Stumpf, Kelly R., 205 Hartford Rd., Apt. D-5, New Britain, CT 06053 Strong, Henry, 8710 Belmart Rd., Potomac, MD 20854

Sui, Lei, Aerospace and Mechanical Engineering, Boston Univ., 110 CumTorres, Eddie G., RBF Consulting, 14725 Alton Parkway, Irvine, CA 92618
mington St., Boston, MA 02215

Theodore, Rachel M., 201 North Willow, Kent, OH 44240

Thompson, Lauren M., 5162 Brook Way, #3, Columbia, MD 21044

Thompson, Robert L., PSC 79, Box 161, APO, AE 09714 New Corresponding Electronic Associates
Tornberg, Jarkko, Signal to Noise, Inc., Kilpisenkatu 8, Jyvaskyla 40740 Adeyemi, Rahman O., Awobi Intl. Nigeria Limited, BB16F Alaba Interna-
Finland tional Market, Lagos State, 23401, Nigeria
Valente, Daniel P., Graduate Program in Acoustics, Pennsylvania Statglonso, Victor, P.O. Box 10728, San Juan PR 00922-0728, Puerto Rico
Univ., P.O. Box 30, State College, PA 16804 Camargo, Fernanda S., Rue Vitor Costa 440, Sao Paulo 04150-060, Brazil
Vasan, Srini S., B. E. Information Technology, Sona College of TechnologyDiazgranados, Maria Claudia, Foundation Omacha, KR. 7-27-40 P. 4,
Thiagarajar Rd., Salem 5, Salem, Tamil Nadu 636-005, India Bogota DC, Colombia
Vier, Matthew S., Calyton State Univ., Spivey Hall, 5900 North Lee St., Hou, Zhaorong, Intel China, Ltd., Intel China Research Ctr., 601, North
Morrow, GA 30260 Tower, Kerry Center, 1 Guanghua Rd., Chaoyang District, Beijing 100020,
Watkins, Emily S., 927 Meadowbrook Dr., Syracuse, NY 13224-1952 P. R. China
Welby, Pauline, Linguistics Dept., Ohio State Univ., 1712 Neil Ave., #222, Kaibin, Qui, Geomechanics
Columbus, OH 43210 Maclnnes, Craig S., Electrical Engineering, Pontificia Univ. Catolica de
Wickstrom, Sueann, 968 NW 1st Ave., Chosholm, MN 55719 Peru, Av. Universitario cdra 18, Lima, Peru
Wieberg, Kimberly, M., 8207 Vista Colorado, Las Vegas, NV 89123 Manthravadi, Umashankar, L-35 G Sheikh Serai Il, New Delhi 110017,
Wochner, Mark S., 601 Marjorie Mae St., State College, PA 16803 India
Wong, Puisan, 4559 Bedford Ave., Brooklyn, NY 11235 Moreno, Eduardo, Pezuela 86, Cojimar, La Habana 19140, Cuba
Wong, Wai Yi P., 101 Curl Dr., Rm. 607, Columbus, OH 43210 Nepomuceno, Jose A., Acustica & Sonica, Rue Fradique Coutinho, 955 Sala
Waullens, Frederic, Dept. of Applied Acoustics, Chalmers Univ. of Technol- 01, San Paulo 05416-011, Brazil
ogy, Sven Hultins Gata 8A, Goteborg 41296, Sweden Padmanabhan, Chandramouli, 108 Kumarappa St. Nungambakklan, Chen-
Xiaoyan, Shen, Third Inst. of Oceanography State Oceanic Administration, nai, Tamilnadu 600034, India
178 Daxue Rd., Xiamen, Fujian 361005, China Schlumberger Technologies, Ltd., 8 Floor, Chuanxin Bldg., Tsinghua Sci-
Yu, Linxiao, Ctr. for Nondestructive Evaluation, 1915 Scholl Rd., Ames, IA  ence Park, Beijing 100084, China
50011-3042

Yuan, Hanfeng, Electrical Eng. and Computer Sci., Massachusetts Inst. of
Tech., 50 Vassar St., Rm. 36-757, Cambridge, MA 02139
Zhu, Wenhao, 1383 Bethamy Ln., Ottawa, ON K1J 8P5, Canada Member to Honorary-Fellow

M. S. Longuet-Higgins

New Electronic Associates Members Elected Fellows

Ban, Thomas O., 15134 Beachview Ave., White Rock, BC V4B 1P6,1 p Gottlieb, J. S. Jaffe, R. M. Keolian, O. Leroy, R. Lim, R. L. McKay,
Canaga . . Z.-H. Michalopoulou, J. H. Rindel, R. S. Schlauch, B. Schulte-Fortkamp, S.

Beuselinck, Michael T., 6931 Reynolds St., Pittsburgh, PA 15208 D. Sommerfeldt, M. A. Svirsky, F. E. Toole, D. P. Walsh, B. A. Wright

Bishop, Dorothy V. M., Experimental Psychology, Univ. of Oxford, South
Parks Rd., Oxford OX1 3UD, U.K.

Cohen, Penny D., 397 Ogden Ave., Teaneck, NJ 07666

Collins, Simon W., 76 Paxton St., Malvern East VIC 3145, Australia J. F. Antaki, P. H. Bedenbaugh, V. B. Biesel, M. Fatemi, W. O. Hughes, R.

Coulston, Rachel F., 2135 NW Flanders St., Apt. 202, Portland, OR 9721(A. lah, R. G. Ingham, J. A. Simmen, J. M. Spender, R. S. L. Tenghamm,

Dhami, Chandrajett S., Kalyan, Mumbai, Maharashtra 421306, India S. Wang, B. Yang

Associates to Members
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Students to Associates Electronic Associate to Corresponding Electronic Associate

N. Abdelli, C. Bazua-Duran, S. V. Bharadwaj, H. A. Bradley, T. L. Brooks, M. S. Hnilo

M. H. Burk, C. L. Compton, D. B. Copeland, C. L. Davies, A. B. Dittberner,

D. A. Ellis, S. H. Ferguson, K. E. Fisher, M. M. George, A. Giacometti, B. Reinstated

W. Harrison, K. J. Hays-Stang, P. P. Henry, B. W. Y. Hornsby, K. H. Kim, D. )

P. Knight, P. J. Lesniewski, S. K. Levey, J. S. Martin, R. D. Mason, G. g gé:)e\fgtﬂ(fgnn?h' L. Wang-Members
Modarresi, D. J. Parker, A. G. Petculescu, P. Ratilal, J. L. Raymond, D. BD: W. Gow—Electronic Associate
Reeder, A. E. Russo, K. R. Shandera, T. G. Simmons, D. L. Sokolov, M. E.

Swearingen, N. Thubthong, R. L. Trousil, S. J. Volaric, M. A. Walton, P. J.

Wolfe, B. Wrede, K. Yoneyama, Z. Zhang, S. Zhou

Resigned
Members to Electronic Associates M. G. Studdert-Kennedy-Fellow
L. Fishman, B. K. Kimberley, L. C. Krysac, F. M. J. Rocaboy R. Batherman, G. R. Ebbeson, D. W. Fitting, |. Fraser, L. Kay, V. S. Pas-
cucci, H. Stenneken, S. Suresh, E. B. Viveiros, S. T. Zavtrilermbers
Associates to Electronic Associates D. Bodnar, J. A. Bauhs, G. J. Gannon, L.-M. Chen, G. V. Dalrymple, F. R.

S. Deguchi, K. J. Delaney, P. J. Gendron, R. A. Hedges, R. Kahn, A. Ki_Fricke,_ K. Holliger, M. _Latzel, A. S. Lgssem, M. Lydolf, A. Morr_is, J. V.
noshita, C. J. Long, A. Pelletier, E. M. Ring, B. M. Sadler, T. Tateno, P. Pierpoint, P. G. Schrelner_ I, R. Smitsm, O. Stearman, R. Vinokur, A.
Traykovski, A. Weber Wong, J. P._ ZamzesAssociates _

J. M. Mencik, A. Purwanto, B. Tramm, Y. XiangStudents

Students to Electronic Associates

G. J. Berg, W.-S. Chen, G. Essl, R. M. Harwell, T. McCabe, A. A. Scharine,

S. M. Spitzer, G. Tzanetakis, G. K. Vallabha
Deceased

Members to Corresponding Electronic Associates R. C. Bilger, E. F. Elkins, L. W. Sepmeyerrellows
. . . . W. L. Baker, P. W. Barnett, F. P. Beguin, H. W. Kolbe, A. S. Nikiforov, C. B.
E. C. Biassoni, L. Krige, C.-W. Lim Pattarini_Members

. . . . P. Brodeur, D. L. Kirk—Associates
Associates to Corresponding Electronic Associates

. ) Fellows 902

A. T. Barros, |. Psencik, H. C. Yehia Members 2501
) . . Associates 2842

Students to Corresponding Electronic Associates Students 1014
A. A. El-Khateeb, F. Fiates Total 7349
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Walter G. Mayer
Physics Department, Georgetown University, Washington, DC 20057

SOUNDINGS

French Acoustical Society honors Gilles

Daigle

Gilles Daigle of the CNR Canada, a Fellow of tt8pciety was

awarded the 2002 fille Etrangee by the French Acoustical Society

September 2003
1-4

7-10

(S.F.A). This medal, formerly known as the Silver Medal, is presented oncel6—19
a year to an outstanding acoustician outside France. Gill Daigle is the sixth
North American recipient of the medal. The others are L. Beranek 1966; W.

G. Mayer 1988; G. Weinreich 1991; O. B. Wilson 1992; Hodyall 1996;
and H. Levine 1998.

International Meetings Calendar

18-19

23-25

Below are announcements of meetings and conferences to be helg.ioper 2003
abroad. Entries preceded by arare new or updated listings.

April 2003
6-10

May 2003
19-21

22-23

June 2003
8-13

16-18

29-3

30-3

July 2003
7-11

14-16

August 2003
6-9

25-27

25-29

J. Acoust. Soc. Am. 113 (4), Pt. 1, April 2003

IEEE International Conference on Acoustics,
Speech, and Signal ProcessingHong Kong, Hong
Kong. (Web: www.en.polyu.edu.hk/%7Ecassp03
WESPACS, Melbourne, Australia.  (Web:
www.wespac8.comn

5th European Conference on Noise ControlEuro-
noise 2003, Naples, ltaly.(Fax: +39 81 239 0364;
Web: www.euronoise2003)it

2nd International Styrian Noise, Vibration & Harsh-
ness CongressGraz, Austria(Fax: +43 316 873 4002;
Web: www.acgraz.coin

XVIII International Evoked Response Audiometry

Study Group Symposium Puerto de la Cruz, Tenerife,

Spain.(Web: www.ierasg-2003.0jg

Acoustics 2003—Modeling & Experimental Mea-
surements Cadiz, Spain.(Fax: +44 238 029 2853;
Web:
index.htm)

8th Conference on Noise as a Public Health Prob-
lem, Amsterdam-Rotterdam, The Netherland&ax:
+31 24 360 1159; Web: www.icbhen2003.nl
Ultrasonics International (UI'03), Granada, Spain.
(Fax: +44 1295 253 334; Web: www.ui03.com

10th International Congress on Sound and Vibra-
tion, Stockholm, Sweden(Fax: +46 88 661 9125;
Web: www.congex.com/icsv10
8th International Conference on Recent Advances
in Structural Dynamics, Southampton, UK.(Web:
www.isvr.soton.ac.uk/sd2003

Stockholm  Music Acoustics Conference 2003
(SMACO03), Stockholm, Sweden.  (Web:
www.speech.kth.se/music/smag¢g03

*Inter-Noise 2003 Jeju Island, Korea(Fax: +82 42
869 8220; Web: www.internoise2003

Xlll Session of the Russian Acoustical Society
Moscow, Russia.(Fax: +7 095 126 0100; Web:
www.akin.ri

www.wessex.ac.uk/conference/2003/acoustics/

15-17

15-17

December 2003
10-12

March 2004

17-19

22-25

31-3

April 2004
5-9

11-13

June 2004
8-10

July 2004
5-8

11-16

August 2004
23-27

0001-4966/2003/113(4)/1775/2/$19.00

Eurospeech 2003 Geneva, Switzerland. (Web:
www.symporg.ch/eurospeech2003

World Congress on Ultrasonics Paris, France(Fax:
+33 1 46 33 56 73; Web: www.sfa.asso.fr/wcu2p03
Autumn Meeting of the Acoustical Society of Japan
Nagoya, Japan.(Fax: +81 3 5256 1022; Web:
wwwsoc.nii.ac.jp/asj/index-e.html

Surface Acoustics 2003Salford University, Manches-
ter, UK. (Web: www.ioa.org.uk/salford2003

2nd International Symposium on Fan Noise
Senlis, France.(Fax: +33 4 72 44 49 99; Web:
www.fannoise2003.01g

34th Spanish Congress on Acousti¢csBilbao, Spain.
(Fax: +34 91 411 7651; Web: www.ia.csic.es/sea/
index.htm)

Acoustics Week in Canada Edmonton, AB, Canada.
(Fax: +1 780 414 6376; Web: caa-aca.ca/edmonton-
2003.htm)

3rd International Workshop on Models and Analysis
of Vocal Emissions for Biomedical Applications
Firenze, ltaly. (Fax: +39 55 479 6767; Web:
www.maveba.org

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

*Joint Congress of the French and German Acous-
tical Societies(SFA-DEGA), Strasbourg, FrancéFax:
+49 441 798 3698; Web: www.sfa.asso.fr/cfa-
daga200%

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

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.tng.nl

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

2004 IEEE International Ultrasonics, Ferroelectrics,
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22-25

September 2004
13-17

and Frequency Control 50th Anniversary Confer-
ence Montreal, CanadaFax:+1 978 927 4099; Web:
www.ieee-uffc.org/index2-asp

*Inter-noise 2004 Prague, Czech Republidinter-
Noise Secretariat, Technicky 16627 Praha 6, Czech
Republic; Web: www.internoise2004)cz

4th IberoAmerican Congress on Acoustics, 4th Ibe-
rian Congress on Acoustics, 35th Spanish Congress
on Acoustics Guimaras, Portugal(Fax: +351 21 844
3028; e-mail: dsilva@Inec.pt
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August 2005
7-10

28-2

*Inter-Noise, Rio de Janeiro, Brazil(Contacts to be
announced later

Forum Acusticum Budapest 2005 Budapest, Hun-
gary. (Contacts to be announced Igter

Preliminary Announcement 2008

June/July

*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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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

ALIREZA DIBAZAR, Department of BioMed Engineering, University of Southern California, Los Angeles, California 90089
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, Micro-Tech Hearing Instruments, 3500 Holly Lane No., Suite 10, Plymouth, Minnesota 55447

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

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

KEVIN P. SHEPHERD, Mail Stop 463, NASA Langley Research Center, Hampton, Virginia 23681

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

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

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

6,466,514 6,441,703
43.30.Sf METHOD FOR ELIMINATION OF PASSIVE 43.35.Cg MULTIPLE FREQUENCY ACOUSTIC
NOISE INTERFERENCE IN SONAR REFLECTOR ARRAY AND MONOLITHIC COVER

Darrin W. Kabel, assignor to Garmin Corporation FOR RESONATORS AND METHOD
15 October 2002(Class 36799); filed 12 June 2000 . .
Carl M. Panasik, assignor to Texas Instruments Incorporated

A fish-finder type of sonar system employs some signal processing 27 August 2002(Class 338189); filed 18 January 2000
to mitigate the masking effects of ambient noise. First, a reading of the

ambient noise is made to establish a detection threshold. Then the projector ~ Efficient crystal or thin-film resonators, such as those used in televi-
is excited and the subsequent echo signals are recorded. If the intensity sfons, radios, and cell phones, require terminations with impedances that
the reflected signal is less than the established detection threshold, this sigiffer greatly from those of the resonators. A solid layer of a given thickness
nal is eliminated from further processing. The detection threshold is in-provides a high-impedance termination at the frequency at which the thick-
creased in value over time to compensate for any increases in gain in theass encompasses a quarter-wavelength, and thus is useful for only a limited
receiver an.d it is periodically updated to compensate for changes in thfarequency range. The present patent pertains to a termination consisting of a
ambient noise.—WT . . ) . ) )

series of layers, conceived to provide suitable impedances for multiple reso-

nators supported on it—EEU

6,449,566

43.30.Yj] ACOUSTIC SCATTERING MEASUREMENT
AND PROCESSING FOR DETERMINING

VARIANCES IN MULTIPLE FEATURES
John Oeschger, assignor to the United States of America as 6,437,478
represented by the Secretary of the Navy

10 September 2002Class 70254); filed 6 November 2000 43.35.Pt SURFACE ACOUSTIC WAVE RESONATOR

The aim of this patent is to provide a method for determining variances':”‘TER
of such features as temperature and salinity in an area within a body ) ) _
of water, without placing sensors in the actual area of interest. Acoustic Yasushi Yamamo To, assignor to NEC Corporation
sources are placed on one side of a selected scattering direction and an 20 August 2002(Class 310313 B); filed in Japan 24 August 1992

acoustic receiver is placed at a mirror-imaged locafiefative to the scat- Surface acoustic wave devices that are small and relatively inexpen-

tering direction for each source, so that a Bragg scattering wave Vectorgje are widely used as band-pass filters in such communication devices

associated with each source/receiver pair is parallel to the selected scatterigg portable telephones. The device described in this patent consists of
direction. The sources are operated separately to direct a broadband ultra- '

sonic pulse at the region of interest. The resulting waves are detected by tHrelterQigital electrodes on a piezoelectric substrate anq Is constru.cteq SO
paired receivers, converted to spectral waveforms, and used to determine'3t it couples to a surface wave that propagates in the longitudinal
band of Bragg wave numbers. The complex acoustic scattering relationshiiréction and also to one that propagates in the transverse direction.
is solved as a function of the band of Bragg wave numbers for each sourcd)ide pass-band characteristics are obtained by coupling of these resonant
receiver pair and used to evaluate variations in multiple features of thenodes or by coupling together of the first and second longitudinal modes.—
medium.—EEU EEU
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43.35.Pt SURFACE ACOUSTIC WAVE DEVICE 43.38.Ja APPARATUS FOR THE REDISTRIABUTION
OF ACOUSTIC ENERGY

6,437,479 6,435,301

Michio Miura et al, assignors to Fujitsu Limited; Fujitsu Media

Devices Limited o Emanuel LaCarrubba, Sausalito, California
20 August 2002(Class 31@313 R); filed in Japan 29 June 2001 20 August 2002(Class 181155); filed 5 May 2000

This device consists of an interdigital transducer attached to a piezo- This patent is a continuation of United States Patent No. 6,068,080
electric substrate. In order to increase the resistance of this device to pro}f’r’eviewed in J. Acoust. Soc. Am09(1), 22 (2001)]. It describes an acéusti’c

Items r;e\_ssczgatedbmtntht d‘lﬁ?“rl(lenctl thttar:mal e?pgnlstlr?ntshof thelse Comf_‘?,o,ner;ts}r@flector consisting of elliptical surfaces, intended to provide a broad sound
rough n the substrate 1s filed with a material that has a low Coetlicient of 5 yjatigny pattern with controlled directivity in two dimensions and with

thermal expansion.—EEU minimal frequency response anomalies.—EEU

6,448,513 6.445,803

43.35.Zc ELECTRONIC WEIGHING APPARATUS

UTILIZING SURFACE ACOUSTIC WAVES 43.38.Ja SPEAKER

Chuan How Boon and Jason Noe Kia-Chong Boon, both of
Auckland, New Zealand

3 September 200ZClass 381184); filed in New Zealand 16 Decem-
ber 1999

s Auxiliary cone 18 is spaced above conventional cobeand driven
Brough collarl9. It is also driven by air trapped between the two cones.

Wacheslav D. Kats and Arnold S. Gordon, assignors to Circuits &
Systems Incorporated
10 September 2002Class 177210 R); filed 2 February 2001

Precision electronic weighing is achieved by using surface
acoustic wave devices essentially as strain gages to measure the deflectiQ
of elastic elements. The attendant surface acoustic wave oscillator is dé
signed to oscillate in the frequency range in which it has the best phase . 11
linearity.—EEU

20 20
6,438,246 6
43.38.Ja SPEAKER APPARATUS
Jae-Nam Kim, assignor to Samsung Electronics Company, ) 19
Limited )
20 August 2002(Class 381337); filed in the Republic of Korea 3 15
November 1997 L
In comparison with a conventional loudspeaker, the arrangement 13— | 14
40 12—
s M “ / 30
The arrangement is said to improve sound quality at low levels and remove
problems associated with high-frequency noises. Whether the noises them-
\ / selves are removed is left for us to guess.—GLA
42 44a
50
20 36
% “ 6,445,806
22 ) )
\\\ L
N e ———p 43.38.Ja TUNED ELASTIC LOUDSPEAKER
382 ENCLOSURE
) & P24
Michael L. Jacobson, Leesburg, Virginia
38— _EZ wa b 3 September 2002 Class 381345); filed 8 February 2000
If a loudspeaker is mounted on an enclosure having flexible walls,
such as a plastic jug, then wall vibrations will generate sound in addition to
( \ \ that emanating from the front of the speaker cone. This idea crops up from
48 462 time to time and a number of variants have been patented. In this (ease,
46¢ the enclosure is made from an integral, elastic, self-supporting material with
shown is said to provide more uniform sound radiation and more efficienta single opening for the speaker, & the speaker is mounted on a vibra-
heat dissipation.—GLA tion isolator rather than being attached directly to the jug.—GLA
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6,449,375 6,438,237

43.38.Ja LOUDSPEAKER SPIDER WITH 43.38.Lc 3D WOOFER DRIVE CIRCUIT
REGRESSIVE ROLLS Takeshi Nakamura, assignor to Murata Manufacturing Company,
Limited

Steven W. Hutt, assignor to Harmon International Industries, 20 August 2002(Class 38127); filed in Japan 1 October 1998

Incorporated
10 September 2002Class 381403); filed 22 September 1999 The circuit shown is a simple, inexpensive way to drive a subwoofer.
) ) ) ) ) o The low-pass section is not restricted to a first-order filter. In the patent
Centering spide20 is formed with deep corrugations at its inner edge claims, element88a, 38b, 40, and42 are defined collectively as “an im-
and shallow corrugations near the perimeter. The patent teaches that with
conventional equal corrugations there is a greater amount of material in the 30
outer rolls and, as a result, “...the stiffness of the rolls varies regressively

outwardly.” True enough if only hoop stresses are considered but the varia-
322 34a 36a

z.o)l/% P

38b =
) ﬁ/{ | CQ
f2 b oy 36b

tion in radial stiffness is just the opposite. | tried laying a short straight edgepedance element” which may include “a low-pass filter.” That is exactly

along the corrugations of a conventional spider and found no observablﬁoW your reviewer connected a subwoofer to his stereo system 25 years
dishing at maximum excursions. However, my simple experiment cannoggo.—GLA

predict the more complicated relationship between suspension linearity and
acoustic performance. The device may in fact reduce low-frequency distor-
tion, as the patent asserts.—GLA

6,447,359

43.38.Md MEMORIAL NOVELTY DOLL DEVICE

HAVING INTEGRAL SOUND PRODUCING MEANS

AND KIT AND METHOD FOR CUSTOMIZING
6,449,376 THE SAME

43.38.Ja PLANAR-TYPE LOUDSPEAKER WITH AT ‘1?3”505 mei)ef?o"(‘)gcﬁggse 540601% ()/;f';if‘;;gsAu 2001
LEAST TWO DIAPHRAGMS g - ed = AIgus _
A macabre concept: somehdwot specified in the patentustomize a
doll to match a deceased friend or relative’'s visage. Add a sound chip to
store the voice. The author contends that it will help “keep memories
alive."—MK
A conventional voice coil assembly drives coaxial planar diaphragms
18 and 32. In addition, a small dampe34 may be attached to the inner
diaphragm. The idea is to restrict the number of natural modes in each

Carlos Beltran et al, assignors to Boston Acoustics, Incorporated
10 September 2002 Class 381423); filed 20 September 1999

14
| 16

% 18 e e N 6,449,887

22 |0 o} O a 0 ) 43.38.Md WATER GLOBE WITH TOUCH SENSITIVE

_ :
N7 = = 2 - » SOUND ACTIVATION
) ESSSSS > EQV
N . sy 54
X o

I T Jin K. Song, assignor to Jin K. Song
% 36 17 September 2002Class 43406); filed 25 April 2000

One of the wonders of “snow globes” is their delightfully simple
diaphragm such that a combination of mechanical coupling and acoustigperation. This patent would eliminate the fun by adding a stirrer so that it
interference provides relatively flat response over the desired range afnows as long as the batteries last, and of course, provide audio
frequencies.—GLA output.—MK
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6,452,525 6,457,681
43.38.Md ONE-BIT SECOND ORDER SIGMA-DELTA 43.38.Md CONTROL, SOUND, AND OPERATING
MODULATOR INCLUDING A POLYNOMIAL SYSTEM FOR MODEL TRAINS

VECTOR QUANTIZER
Michael Paul Wolf et al, assignors to Mike's Train House,
Truong-Thao Nguyen, assignor to Research Foundation of the Incorporated

City University of New York 1 October 2002(Class 246187 A); filed 7 December 2000

17 September 200ZClI 341143); filed 5 April 2001 ) . . . )
eptember AClass 341143 file pr The increasing complexity of electronics has benefitted the model

The author proposes the use of a nonlinear operatpecifically, 8 train community as well as audio/visual users. First, it was pulse width
squarey inside the feedback loop of a sigma-delta modulator so that themaqylation of the track voltage to control engine motors. Next, the addition
232? r:ggar;;l;theMcPLuantlzatlon error follows the same decay as h'gh%[f microprocessors allowed addressable control of different engines and

' other features. This patent first proposes the use of spread spectrum modu-
lation to compensate for the noisy transmission environment. Second, it
proposes transmission of digitally encoded sounds and speech to speakers
located on the trains. There are other details presented for more “realistic”

6,454,625 operation.—MK
43.38.Md INTERACTIVE TALKING DOLLS

Peter Sui Lun Fong and Chi Fai Mak, assignors to Peter Sui Lun

Fong
24 September 2002 Class 446297); filed 13 June 2001 6,448,719
A pair of dolls can communicate status via infrared transducers and so

they can speak and hold conversations with each other. Imagine “Chatt§13-38-Ne APPARATUS AND METHOD FOR

Cathy” with a brother. The patent does include a real schematic and seenRULSATING LIGHTS IN RESPONSE TO AN AUDIO
entirely plausible.—MK SIGNAL

Jeffrey G. Denny, San Diego, and Steven D. Karnes, Mission
Viejo, both of California

6,454,627 10 September 2002 Class 315200 A); filed 8 June 2001
The problem, as stated by the authors, is that existing acoustic control
43.38.Md MUSICAL ENTERTAINMENT DOLL of holiday lighting displays is “monotonous, aesthetically dull, lacking lus-

ter, and visual stimulation is absent.” The solution is straightforward: use

Danny Wai Keung Mak, assignor to Well Creation Limited audio filters and triacs. Now, how exactly is this different from existing
24 September 2002 Class 446369); filed 30 April 2001 “color organ” technology?—MK

Take a plushy bear, add a numbered, piano-style keyboard, and then

6,464,035

1 43.38.Pf STREAMLINED, READILY TOWABLE
MARINE SEISMIC ENERGY SOURCE
FOR CREATING INTENSE SWEPT-FREQUENCY
% » AND PULSE-CODED SIGNALS IN A BODY
OF WATER

18

e v

"
% , 123 223 23 2313 1/- 1% Stephen Chelminski, assignor to Bolt Technology Corporation
15 October 2002(Class 181120); filed 9 November 2000

™ fohE b The figure is a cross-sectional view of a portion of the middle of a
cylindrical shaped, towed, underwater vehicle about 18 in. in diameter and
" 13 almost 10 ft in length. The cylinder is terminated at both ends by hydrody-
namically shaped end caps. Actuator pistidis excited into vibration by a
17273 lf4 l‘} 5 l‘l 61718

%

remotely controlled hydraulic circuit. A set of vibration pistdis 32, 33,...
(eight are discussed but more or less are possivke coupled to piston rod

40, which is attached to pisto#6 and which extends along the aXig of the
vehicle. These output pistons are in turn excited into vibration and radiate
into water cavities61, 62, 63,..., bounded in the axial direction by the pis-
tons and by bulkhead8l, 72,... This sound then communicates with the
water-filled annular cavit$1 via a series of hole$00in cylindrical wall 15
(there are four holes around the circumference at each axial gtefioally,
present a score with numbered notes and you have one frustrated 4 yesound is radiated into the surrounding water medium through the elasto-
old.—MK meric tube39 whose surface area comprises a large radiator. Air chambers
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o o2 /° 6,442,280
54 122103 80 I5b 3‘9 / e ¥ 100 20 22 60 I54 .
o S s s d 7 43.38.Tj APPARATUS DETECTING HOWLING BY
ol (e mg 8 | e \[® e DECAY PROFILE OF IMPULSE RESPONSE
80, LY T o 50-12003 ] %2 o2 10372 /63 IN SOUND SYSTEM
80== 40 60+ 50 100 \1 a0 = _[48
® S AL R A Al 20 : . _
52 = R Rk 103 Tsugio Ito, assignor to Yamaha Corporation
oa %; é] P S = - BN 40 7 27 August 2002(Class 38183); filed in Japan 28 January 1997
50 /% 131 l%;‘,fz—’ 80 4al—g'2LJ &ao P 120 Didital audi ing has b ful and ical
5 o0 81 N 0 igital audio processing has become so powerful and so economica
- 3 fr > it i o100 that a variety of self-adjusting, feedback-canceling sound reinforcement
70 (ﬂiP 20 E] 5t I . J equalizers are now commercially available. Ideally, the detection and sup-
/

//)I([///////II//I
20 22

pression of imminent howling should be performed inaudibly during actual
16t 102 usage. The method described in this patent calculates the system impulse

80 are created behind each output piston because of the bulkF6ads response at regular intervals, detects unusually long decay in the tail of the

72,... and these chambers, as well as the hollow head and tail sections of the 2
vehicle, are filled with low-pressure air supplied by an air line from the
tow-ship. A set of piston positioning sleevé2on the drive rod40 maintain

the output piston81, 32, 33,... in their proper axial positions. A position-
sensing transducer associated with actuator pid®provides a signal so
that the displacements of additional units being deployed simultaneously can
be synchronized.—WT

th ? y(t)
—
e e o] o [oEeR
o> THT BLOCK MEASURING
6,438,240 2 :
TX(t)
43.38.Si CIRCUIT TO IMPROVE TRANSDUCER
SEPARATION IN HANDSFREE TELEPHONE envelope, and identifies the frequency of impending howl. The information
is used to update equalization and/or gain. To derive impulse response from
Rob Mcleod, assignor to Mitel Corporation the program signal itself, a nonhowling microphone or direct sound source
20 August 2002(Class 38171.7); filed 18 February 1997 such as an electronic keyboard must be included in the setup.—GLA

To minimize direct feedback from the loudspeaker to the microphone
of a hands-free telephone, a second microphone is mounted inside the en-
closure and its output is subtracted from that of the primary microphone.—

GLA
6,445,804
43.38.Tj ULTRA-DIRECTIONAL SPEAKER SYSTEM
AND SPEAKER SYSTEM DRIVE METHOD
6,449,370 Kouji Hirayanagi, assignor to NEC C_orpo_ration
43.38.Si DIGITAL ELECTRO-ACOUSTIC 31%(;[;[ember 2002(Class 381303); filed in Japan 25 November
TRANSDUCER

Ultrasonic burglar alarm technology can be used to detect the presence
Yoshinobu Yasuno and Yasuhiro Riko, assignors to Matsushita of allistener ina giyen area and switch the sound system from‘background
Electric Industrial Company, Limited; Yasuhiro Riko music to _commerC|a| messages. A beam of modulated uIt_rasonlc energy—a
10 September 2002Class 38171.6); filed in Japan 16 February parametric I(_)udspeaker—can generate audible s_ound in empty air. The
1998 patent explains how these two known technologies can be combined to
make a self-tracking parametric sound source from which the targeted lis-

This digital noise-cancelling earphone consists of a small condensefener cannot escape, no matter where he moves.—GLA

microphone34 surrounded by a number of equally small sound generating

elements33, all in lightweight ear cup35. The feedback loop, drive cir-

6,442,277

43.38.Vk METHOD AND APPARATUS FOR
LOUDSPEAKER PRESENTATION FOR POSITIONAL
3D SOUND

Charles D. Lueck and Alec C. Robinson, assignors to Texas
Instruments Incorporated
27 August 2002(Class 38117); filed 19 November 1999

cuitry, and electroacoustical transduction are all digital. The patent is inter- Like several other recent patents, the goal here is to create convincing
esting and informative.—GLA movement of phantom sound sources from a pair of loudspeakers without
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hogging computer memory and processing time. The patent describes an 6,427,802

interesting method that allows about half of the required signal processing to

be performed offline and stored as a relatively small file. Filtering by head-43.50.Gf MUFFLER

related transfer functions needs to be performed for only one source

position.—GLA Masayuki Yokoi et al, assignors to Sango Company, Limited
6 August 2002(Class 181282); filed in Japan 26 May 1998

Rather than being flat surfaces, the end plates and inner plates of this
automobile muffler have an array of alternating convex and concave

9 4 1 5

1 Ll ]
i~ P Y > 3
6,444,892 s 56
P 15 16 516
43.38.Vk SOUND SYSTEM AND METHOD FOR [ —
CREATING A SOUND EVENT BASED ON S T B
A MODELED SOUND FIELD s 74 &

Randall B. Metcalf, Cantonment, Florida
3 September 2002 Class 84723); filed 25 May 2001

This is a continuation of United States Patent 6,239[8d@ewed in J.
Acoust. Soc. Am111(3), 1150(2002]. The device is intended to capture
and then reproduce the 3D sound field produced by a given sound source—
something like an all-electronic, virtual player piano. Some interesting
elaborations have been added to the first patent and the number of claims
has been increased from 24 to 66. However, only four references are listed,
all cited by the examiner. To this reviewer it seems that a fair amount of o3
relevant prior art has been ignored.—GLA

):@113:@+ 0"

dimples. This is said to result in diffuse acoustic reflections and a reduction
in high-frequency exhaust noise.—KPS

6,431,974
43.50.Gf ACOUSTIC WIND BAND

Paul Antony Tetley and Charles A. Gans, assignors to Met Pro
6,445,798 Corporation
13 August 2002(Class 45433); filed 29 March 2000
43.38.Vk METHOD OF GENERATING THREE- A muffler for use on the exhaust of a building HVAC system consists

DIMENSIONAL SOUND of sound-absorbing material covered with perforated surfd@est7, 52,

Richard Spikener, Brooklyn, New York B
3 September 2002 Class 38163); filed 21 January 1998

Each channel of a conventional stereo recording is delayed and recom-
bined with the original. The process is then repeated using different delay
values, “...imparting to the sound a three-dimensionality which cannot be
achieved by conventional reverberation and echo methods.”—GLA

6,439,359

43.40.Tm DAMPER FOR VEHICLES

Rentaro Kato et al, assignors to Tokai Rubber Industries, Limited
27 August 2002(Class 188379); filed in Japan 2 September 1998

Cylindrical bodies are located in tubular elements of vehicle suspen-
sion systems and configured so that these bodies can slide along their
lengths and impact against the elements’ end walls. Sliding friction and end
impacts remove energy from the vibrations of concern and thus provide

damping. In other embodiments, tubes that incorporate sliding elements awnd 54. Furthermore, discharge noise is further reduced by entrainment of
affixed to vibrating components, such as oil pans and engine heads.—EEBmbient air by means of frustum-shaped devigeskKPS
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6,435,302 comb shaped core, manufactured from corrugated metallic ribbons. Sound
waves directed into the cowl through a perforated face are channeled
43.50.Gf MOTOR VEHICLE MUFFLER through the sound receiving chamber—CJR

Shun-Lai Chen and Changhwa Hsien, Taiwan, Province of China
20 August 2002(Class 181252); filed 21 December 2000 6,446,751

This motor vehicle muffler has intersecting, perforated pipes inside 43 50.Gf APPARATUS AND METHOD EFOR
casing filled with sound absorbing material. Exhaust gases flow in througlhE'DU'CING NOISE LEVELS

Krishan K. Ahuja et al, assignors to Georgia Tech Research
Corporation
10 September 2002Class 181295); filed 5 September 2000

This flexible curtain can both block sound and absorb sound. The
curtain has pockets into which either sound insulating or sound absorbing

32

" v

B [ [kl It 1|

> 114

S\

tube 13 and proceed through tubdg, 14, 12, and 15, where they exit the
muffler. Much is made of the fact that the internal tubes cross at a central
location inside the casing.—KPS

22

6,435,303 [ B

43.50.Gf SOUND ABSORBING STRUCTURE

Glenn E. Warnaka, assignor to Future Technologies LLC [ 1

20 August 2002(Class 181286); filed 15 January 2000 B B

This compact, lightweight, flat panel structure is a multi-ply sandwich
construction. Its interior walls create a series of cavities that act as quartergg
wave resonators and/or Helmholtz resonators to absorb sound. The panel =<\ ¥:

typical of those used in aerospace construction. The sound-absorbing quali ' AN 32

ties of the flat panel are dependent on its geometry and the panel does nc

use open cell foam or fibrous materials.—CJR 112 26 VIEW
B-B

elements can be inserted. The inserts can be readily removed to permit
periodic laundering of the curtain fabric.—CJR

6,439,340

43.50.Gf ACOUSTICALLY TREATED 6,457,550
STRUCTURALLY REINFORCED SOUND

ABSORBING PANEL 43.50.Gf WEATHERPROOF SOUND ATTENUATING

DEVICE
Shawn ~'S.  Shirvan,  assignor  to  Astech ~ Manufacturing, Charles L. Barry et al, assignors to Twin City Fan Companies,
Incorporated Limited
27 AUgUSt 2002(C|ass 181213); filed 17 November 2000 1 October 2002(Class 181224); filed 6 March 2001
This reinforced sound-absorbing panel is for particular application at  Thjs unit efficiently combines several functions: an exhaust silencer

the inlet or cowl of a jet engine to reduce engine noise leaked into thgfor a duct outle), a damper(to close the duct when air is not exhausted
environment. The panel includes a sound receiving chamber with a honeyand a windbandto prevent wind from pulling the damper operin this
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6,466,752

43.50.Gf METHOD OF IMPROVING SOUND
QUALITY AND IMAGE FORMATION APPARATUS

Koichi Tsunoda, assignor to Ricoh Company, Limited
15 October 2002(Class 39991); filed in Japan 16 October 2000

As anyone who has unjammed a copier knows, today's copiers
have increasingly complex paper paths. As the paper makes its way toward
the output tray, it traverses many rollers and belts and this produces
noise. The patent begins by describing a numerical evaluation function and
then shows how design of noise-isolating plates can decrease this
function.—MK

6,439,840

43.50.Nm BYPASS DUCT FAN NOISE REDUCTION
ASSEMBLY

Man-Chun Tse, assignor to Pratt & Whitney Canada Corporation
27 August 2002(Class 415119); filed 30 November 2000

A method to attenuate fan noise that propagates downstream through
the aft fan duct of a turbofan aircraft engine consists of the placement of one
or more perforated baffle platégl. The purpose of these plates is to create
multiple axial flow paths, thus destroying the symmetry and disrupting the

55 g - 44 56 54 10
50
configuration, the windband is attached to the sound-insulating structure or RN 32
silencer, and is arranged to prevent water from entering the silencer. The - - 0
windband also provides additional sound attenuation.—CJR 3 %8 - i ]

[ ] 12

;___f _____ e | . -
N

2 30
s L3 E

spinning acoustic modes. These perforated baffle plates have 20%-50%
6.459 578 open area and the hole diameters are between 0.5 and 2 times the plate
' ' thickness.—KPS
43.50.Gf CHASSIS HAVING REDUCED ACOUSTIC
NOISE AND ELECTROMAGNETIC EMISSIONS
AND METHOD OF COOLING COMPONENTS
WITHIN A CHASSIS
6,446,904

Guy R. Wagner, assignor to Agilent Technologies, Incorporated

1 October 2002(Class 361694); filed 24 April 2001 43.50.Nm AIRCRAFT WEAPONS BAY HIGH
This chassis for housing electronic components includes a shel’:REQUEI\ICY ACOUSTIC SUPPRESSION

featuring an intake duct and an exhaust duct. An intake port dire(:til!o‘pPARATUS

cooling air into the chassis and an exhaust port directs cooling air out of the ) ) ) )

chassis. These two ducts include active and/or passive noise-attenuating Michael J. Stanek, assignor to the United States of America as
features for attenuating noise generated within the chassis, thereby promot- represented by the Secretary of th? Air Force

ing quieter operation. Examples of noise attenuation methods include stra- 10 September 2002Class 2441 N); filed 5 October 2001

tegic deployment of sound absorption materials and contouring of airflow A means to suppress flow-induced acoustic resonances in an aircraft
guides. The ducts are also dimensioned optimally to attenuate electromagreapons bay consists of deployable spoll@ which serves to generate
netic radiation generated within the chassis by preventing it fromhigh-frequency pulses of pressurized gas. The spoiler has two primary com-
escaping.—DRR ponents, nozzI@2, supplied with pressurized air though val2@é and reso-
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o e o METHOD OF INSTALLING THE SAME

e fepc teee B, 6,457,284

P S AR Sl et e 43.55.Vj STRUCTURE FOR INSTALLING A
// ’ I o 580 oo VISCOUS VIBRATION DAMPING WALL AND
= H

Kazuhiko Isoda, assignor to Shimizu Corporation
20— [ 18 1 October 2002(Class 52167.1); filed in Japan 2 September 1998

147 This patent describes a simplified vibration-damping wall unit and its
installation that purports to be of lower cost and quicker installation than
f/ He—22 other viscous-damping systems. By using friction-type high-strength bolt
10 connections, various intermediate plates can be eliminated and the thickness
of other plates can be reduced.—CJR

I
1l

27
25—
6,445,304
/C
Sotl{ce 43.58.Wc MEDICAL ALARM SYSTEM
Frossons
Gas T John J. Bandeian, Jr. and John J. Bandeian Ill, both of Bristol,
Tennessee
nator 20, supplied with pressurized air though val@®. The resonator 3 September 2002 Class 340604); filed 11 August 2000

serves to perturb the flow from the nozzle, thus creating high-frequency A bleeding or 0ozing wound site8 can be covered with a conductive
pulses which suppress the acoustic resonances within the weapons bay.—

KPS

6,443,256

43.55.Ev DUAL LAYER ACOUSTICAL CEILING TILE
HAVING AN IMPROVED SOUND ABSORPTION bandage that will generate an alarm by energizing output transducer
VALUE 2A—MK

Mirza A. Baig, assignor to USG Interiors, Incorporated
3 September 2002 Class 181286); filed 27 December 2000

This ceiling tile has two layers of acoustical materials formed together 6.453.599
as one. The base mat layer has either no or very little mineral wool. ’ !
The surface layer has a high mineral wool content, which provides improveql3_58_wc FISHING LURE WITH SOUND
sound absorption values, with or without perforating or fissuring the
tile. The result is a panel with NRC value of at least 0.50. The materiaIATTRACTION
is made by a water felting process to form both the base mat layer and Richard S. Mathews and Robert G. Link, assignors to Pop-A-
the fiber-rich surface layer together, in a quick manufacturing process.— Long LLC
CJR 24 September 200ZClass 4342.3); filed in Canada 26 May 2000

In the long running contest between man and fish, this device uses a
striking plate so that clicking or popping sounds are created. Additionally,
“the sliding movement of the aft section with respect to the fore section as
the lure is pulled through the water produces a ‘wounded prey’

effect."—MK
6,457,554

43.55.Ev ACOUSTIC ABSORBER FOR ABSORBING
NOISES IN BUILDINGS 6.464 558

Samw Hong Jen Wang, Taichung, Taiwan, Province of China 43.58.Wc SPORTS RELATED COMBINED

This absorber would be part of a wall for reducing sound in a building,
but it does not use fibrous materials that would get wet. The housing in- ~ Ronald W. Ayres, Tyler, Texas
cludes a casing that has openings for receiving and dissipating the noise.— 15 October 2002(Class 44¢419); filed 13 October 2000

CJR Quite simply, this is a shaker/maracas for use in sporting events. A
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hollow cavity inside a helmet provides space for vibrating beads or O 5
pellets.—MK V

In general, the conference bridge establishes framing and alignment of mul-
tiple incoming speech channels associated with multiple participants, ex-
tracts parameters from the speech samples, mixes the parameters, and reen-
codes the resulting speech samples for transmission back to the participants.
6.453.281 Priority assignment and speech enhancentef, noise reduction, reshap-
! ’ ing, etc) are also performed.—DRR

43.60.Bf PORTABLE AUDIO DATABASE DEVICE
WITH ICON-BASED GRAPHICAL USER-

INTERFACE 6,454,718
Timothy L. Walters et al, assignors to VXI Corporation 43.64.Nf INTRA AURAL INTEGRATED VITAL SIGNS
17 September 2002Class 704200); filed 30 July 1996 MONITOR

This patent describes a method for storing and retrieving information
to and from an external audio database device. The device includes a graph-
ics display in a hand-held housing. A speaker and microphone relay audio
information to and from a user. The hand-held audio database device in-
cludes a memory which stores graphic icons and supports a hierarchical ~ This intra-aural probe for monitoring multiple physiological param-
memory structure comprising categories denoted by the graphic icons. Rters simultaneously includes a pressure sensor, a temperature sensor, and a

- . ) .Iight sensor. The probe is dimensioned to fit snugly within the outer aural
user-actuated navigation control permits the user to navigate the categories .
cavity. The probe measures blood pressure, pulse rate, and volume of blood

in the hierarchical memory structure and to select a desired category. %y detecting contraction and expansion in the vascular bed of the lining

processor controls the display during use and acts to store the audio infofsgye of the external auditory canal in the course of a cardiac cycle. The

mation in the desired category of the memory.—DRR probe measures respiratory rate and volume by detecting pressure changes
across or movement of the tympanic membrane induced by corresponding
pressure changes in the naso-pharynx and trachea during respiration. The
probe measures temperature in the auditory canal. It also measures electro-
encephalographic or electrocardiographic voltages by detecting small poten-
tial differences between the external auditory canal region and a suitable
reference position, measures electroencephalographic currents by detecting
magnetic flux, and measures changes in oxygen saturation of the hemoglo-
bin traveling in the capillary bed lining the external auditory canal.—DRR

Vaughan L. Clift, Houston, Texas
24 September 200ZClass 600483); filed in Australia 10 November
1997

6,463,414 6,460,489
43.60.Qv CONFERENCE BRIDGE PROCESSING OF 43.64.Ri DEVICE FOR HANDLING LIVESTOCK
SPEECH IN A PACKET NETWORK USING VIBRATION AND NOISE AS A STIMULATION
ENVIRONMENT ON EXTERNAL PORTIONS OF THE BODY

Timothy O'Byrne, Consort, Alberta, Canada
8 October 2002(Class 119908); filed 17 April 2001

The device relates, generally, to the transmission of speech usin Thi; device prpvides an alternat[ve o the electric livestock ‘prods used

. ' ' ) . ) fb administer electric shocks to an animal. The preferred embodiment of the
voice-over-packet networks and, more particularly, to techniques for iM-yevice is battery powered and adapted to be easily hand held by the user.
proving voice-over-IRVoIP) conference bridges and transcoders. The de-The gistal end of the prod, to be applied to the animal, contains an electric
vice provides a conference bridge or transcoder configured to intelligentlynotor that generates a vibration and/or sound that provides a stimulus caus-
handle multiple speech channels in the context of a packet network, whereimg the animal to move on. A button activates the motor to initiate the
the various speech channels may use a variety of speech encoding standani®dding.—DRR

Huan-Yu Su et al, assignors to Conexant Systems, Incorporated
8 October 2002(Class 704270.D; filed 12 April 2000
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6,453,051
43.66.Ts HEARING AID WITH AUDIBLE ALARM

Mead C. Killion, assignor to Etymotic Research, Incorporated
17 September 2002 Class 381315); filed 10 October 2000

A circuit that may be added to any hearing aid detects a low battery
voltage condition and produces an audible alarm in order to provide a pri-
vate warning for hearing aid wearers that their batteries need changing. The
alarm signal level and frequency increase as battery voltage decreases bela
a preset threshold. The additional circuitry required for this feature is said to
take up minimal extra space and consume very little battery current. If
desired, the hearing aid wearer may disable the warning signal.—DAP &2

to prevent the receiver from directly touching the hearing aid casing, the
receiver is inserted with an isolation suspension into an extra housing. The

6,456,720 isolation suspension is made of an extremely thin stretched polymer mem-

brane material such as silicone, is typically pleated, and is designed to

43.66.Ts FLEXIBLE CIRCUIT BOARD ASSEMBLY prevent the hearing aid receiver from directly contacting the walls of the
FOR A HEARING AID extra housing.—DAP

Owen D. Brimhall et al,, assignors to Sonic Innovations
24 September 200ZClass 381324); filed 10 December 1999

To standardize the layout and shape of small custom hearing aids, a 6,466,678
flexible circuit substrate contains component mounting regions for the mi-

crophone, integrated circuit, capaci®r battery contacts, and programming 43.66.Ts HEARING AID HAVING DIGITAL DAMPING

100 150 Mead C. Kilion etal, assignors to Etymotic Research,

Incorporated
15 October 2002(Class 381314); filed 4 April 2000

Mechanical dampers inserted in the sound output path to remove un-
desirable peaks in hearing aid frequency responses have been problematic
due to getting clogged with wax. Instead, addition of an electronic notch
filter provides an inverse to the undesired peaks in the undamped frequency
response curve, resulting in a relatively flat frequency response. The notch
frequency and depth may be programmable to accommodate different hear-
ing aid transducers and their associated tubing lengths. The notch filter may
be implemented with an active bridged-T filter, overlapping low-pass and
high-pass filters in parallel, as a switched capacitor filter, or with a digital
signal processor. Using a DSP approach, the shape of the filter may be
adjustable to account for various Q values in the undamped frequency re-
sponse peak that may occur in different hearing aids.—DAP

pads. The flex circuit is said to make better use of the space available in the

hegring aid housing and is suitable for automated Iassem.bly processes. The 6.466.679

flexible substrate areas near the component mounting regions may be folded ’ !

into a desired orientation with respect to the substrate.—DAP 43.66.Ts METHOD FOR REDUCING MAGNETIC
NOISE FIELDS IN A HEARING AID, AND HEARING
AID WITH AN INDUCTION COIL FOR
IMPLEMENTING THE METHOD

6,459,800 Kunibert Husung, assignor to Siemens Audiologische Technik
GmbH
43.66.Ts MODULAR HEARING DEVICE RECEIVER 15 October 2002(Class 381324); filed in Germany 24 November
SUSPENSION 1998
In high-gain hearing aids operating in induction pickup mode, the
Owen D. Brimhall, assignor to Sonic Innovations, Incorporated magnetic field produced by the hearing aid receigpeaker can be sensed
1 October 2002(Class 381324); filed 11 July 2000 by the hearing aid induction coil, amplified, and sent back with higher

. . . . - . amplitude to the hearing aid receiver, thus forming potentially an oscillating
Moderate- and high-gain hearing aids may have sufficient mechanicaljrcyit. A compensation inductor is added in series to the hearing aid re-

feedback resulting from the hearing aid recei¥speaker vibrating the  cejver drive signal to produce a magnetic field opposite in phase to that
hearing aid casing that an oscillatory condition is produced. This conditiorgenerated by the receiver and transduced by the hearing aid telecoil. The
is exacerbated when the receiver comes into contact with the hearing aigsult is active shielding of the hearing aid receiver during telecoil use,
case and is especially problematic in small model hearing aids. In this unitwhich helps to reduce magnetic coupling feedback problems.—DAP
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6,463,408 400 VAD 330
305
43.72.Ew SYSTEMS AND METHODS FOR X X0 @ xM(z) 5\ AVERAGE
IMPROVING POWER SPECTRAL ESTIMATION OF @ LETT 15 @ BLOCKS
7
SPEECH SIGNALS 445 “’ T
A
Leonid Krasny and Soontorn Oraintara, assignors to Ericsson, CONTROL( | ¢ = |- k“:;‘“‘(l)I L
Incorporatedy ’ 310—{fFy EXP AVG | ™M B @I 350
8 October 2002(Class 704217); filed 22 November 2000 o EXfM"’
-1 446
This patent describes a method to improve the power spectrum esti- & O 356 . 355 AVG
mation of speech signals. Power spectral den@&$D estimator230 esti- Sy M { G0
. . . . . S foverlap & Smn INTER- é
mates both mixed and noise signals and uses the control signal from voic add IFFT| 560 | POLATION G<Phase “m)
200 380 370 - —
\\ 465 _l FfégD one stage

tion gain function are averaged based on the difference between an esti-
210 mated power spectral density of the mixed signals and an averaged estimate

x(K) /D CONVERTER of the noise. Interpolation process@56 provides a smoothed, noise-
230 reduced speech signal.—HHN

PSD
ESTIMATOR

Xq(k) »>

220 y 4 6,453,041
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43.72.Ne VOICE ACTIVITY DETECTION SYSTEM
250 AND METHOD

Hpelo)  le Erol Eryilmaz, assignor to Agere Systems Guardian Corporation
17 September 2002 Class 379392.0); filed 15 October 1998

This device can be used in a half-duplex speakerphone which operates
in transmit, silence, and receive modes. Depending on detection of voice
activity, the speakerphone switches from silence to either transmit or receive
mode. For switching between different modes of operation, the patent pre-
sents a new voice activation detector which utilizes the integral of absolute

270 values of the signal derivatives. The voice activity is detected in both trans-

] mission and receive paths by comparing the current voice energy with the

D/A CONVERTER 8(k) background noise energy. During transmissfonreceive the direction of
speakerphone operation can be changed by comparing the transmit energy

= . ) ) with received voice energyor receive with transmjt After detecting the

activity detector240 to separate the noise-only PSDs. Wiener fil850  otion of voice activity, the speakerphone begins transitioning to the de-

includes the logic to perform spectral subtraction. Finally, inverse E6Or sired mode.—AAD

converts the noise-reduced speech signals into a bit stream for

transmission.—HHN

540

6,453,285
43.72.Ne SPEECH ACTIVITY DETECTOR FOR USE
6,459,914 IN NOISE REDUCTION SYSTEM, AND
43.72.Ew SIGNAL NOISE REDUCTION BY METHODS THEREFOR
SPECTRAL SUBTRACTION USING SPECTRUM . .
David V. Anderson et al, assignors to Polycom, Incorporated

DEPENDENT EXPONENTIAL GAIN FUNCTION 17 September 2002 Class 704210); filed 10 August 1999
AVERAGING This patent introduces a method to detect voice activity in noisy

speech signals. The method first extracts some statistics from the spectrum
i of the noisy signal, to use as features. To detect voice activation, a finite
Ericsson (publ) ) state machine makes a decision based on previous and current states of the
1 October 2002(Class 458570); filed 27 May 1998 signal. According to the patent, the noise and signal power spectra are esti-
This patent relates to speech enhancement by means of a spectmaated using an adaptive Wiener filter. Short time features are then extracted
subtraction technique using linear convolution, causal filtering, and confrom the filtered signals which are the inputs to the state machine. The
trolled exponential averaging05 Successive blocks of a spectral subtrac- patented method can be used in noise reduction applications as well.—AAD

Harald Gustafsson et al, assignors to Telefonaktiebolaget LM
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6,456,970 HMM reestimation formulas for updating the parameters of the class-
specific HMM based on these probabilities.—DAP

43.72.Ne MINIMIZATION OF SEARCH NETWORK IN
SPEECH RECOGNITION

Yu-Hung Kao, assignor to Texas Instruments Incorporated

24 September 2002 Class 704256); filed 15 July 1999 6.459.024

Each word in this speech recognition system is represented by a Mar- , ’
kov model with states and transitions among states. Acoustical characteri#3.75.Gh STRUCTURAL TORSION BRACE FOR AN
tics are associated with each state and transitions represent characterist§eQUSTIC MUSICAL INSTRUMENT

while transitioning through a word at normal rates of speaking. A search
network consisting of input acoustic vectors is constructed by knowing what James R. Baker, assignor to James R. Baker
the present state is and to which stgt¢he next transitios) will go. The 1 October 2002(Class 84291); filed 19 September 1997

SPEECH This device is intended to eliminate or reduce electronic feedback in
amplified acoustic string instruments due to top plate vibration. Accordingly,

o~ 2R
2
I t@z___’ﬁi_m e

¥ I
COMPUTE AND §\7, i e —IN__
|
Jd

103~  COMPARE AND
STORE IN SLOTS

e 7/ 224 B\ o6’ =yt
320
D'SCAS?_gTPENEXIOUS a brace is introduced that attaches sparingly to the top plate as shown in the
ACCUMULATE SCORE figure. However, given the influence of plate vibration on instrumental tim-

bre, the full impact of this design has not been fully assessed.—MK

DISCARD PREVIOUS
SLOT AND

X CREATE END WORD
ACCUMULATE_SCORE SLOT AND DISCARD [~-109

PREVIOUS SLOTS

6,465,723
object is to find the best path through the search space. The search network
is expanded for each speech frame by expanding phonetic, phone, lexicad3.75.Gh AUTOMATIC STRING INSTRUMENT
sentence, and word hidden Markov models. Slots, or search network buillfyNER KIT
ing blocks, define what state one is at in the search network. At least one slot
is created in the search path for each acoustic vector. The algorithm is | ynn M. Milano, Sound Beach, New York
optimized for minimal peak slot usage by pruning unnecessary slots based 15 October 2002(Class 84454); filed 7 March 2001
on unneeded information. Optimization is said to reduce peak slot usage by

about 20% —DAP Continuing in the automatic tuning vein, the author proposes using

6,466,908

43.72.Ne SYSTEM AND METHOD FOR TRAINING A
CLASS-SPECIFIC HIDDEN MARKOV MODEL
USING A MODIFIED BAUM-WELCH ALGORITHM

Paul M. Baggenstoss, assignor to the United States of America as
represented by the Secretary of the Navy
15 October 2002(Class 704256); filed 14 January 2000

A training method is proposed to reduce the number of data samples
needed to train hidden Markov mod€ldMMs) used for modeling physical
characteristics in speech recognition systems. Estimating parameters o
class-specific HMMs from training data is accomplished by iterating a
modified version of the Baum—Welch algorithm using likelihood ratios that
compare each of the states to a common state. Each iteration of the modified
Baum-Welch algorithm includes class-specific forward and backward protuning wrenchl41that turns socket hea22 The pitch of the string can be
cedures to calculate forward and backward probabilities, respectively, andensed by pickufd21 that is fed back to controllet10—MK
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6,452,079

43.75.Mn KEYBOARD MUSICAL INSTRUMENT
EQUIPPED WITH HAMMER STOPPER PROMPTLY
DRIVEN FOR ROTATION BY MEANS OF

RIGID LINK WORK

14 1

’

10,10A

10C

Nobuo Sugiyama and Shigeaki Sato, assignors to Yamaha
Corporation

17 September 2002 Class 84423 R); filed in Japan 28 April 2000

The device described is a modification of the piano action so that the

player can silence the acoustic tones and use electronic tones instead and
“not disturb the neighborhood.”—MK

10B

infrared light beaml00 between emitteila and sensofilb. However, in
spite of the claims to the contrary, it is no doubt “less natural to play” than
a real stringed instrument.—MK

6,444,891
6,452,081 43.75.Tv ELECTRONIC GUITAR WITH ITS KEYS
ARRANGED IN COMPLEX ARRAY
43.75.5t STRINGED INSTRUMENT FINGER

POSITIONING GUIDE AND METHOD FOR Po Wo Koo, Hong Kong, Hong Kong Special Administration of
TEACHING STUDENTS TO READ MUSIC the People’s Republic of China
3 September 2002 Class 84684); filed in China 9 November 2000
Steven F. Ravagniet al, all of Issaquah, Washington This patent is based on the premise that karaoke singers can play a

17 September 2002 Class 84477 R); filed 15 May 2001

The authors propose using a thin polymer with light emitters to guide
the fingers of guitar novices to the proper place on the keyboard—nothing
more, nothing less.—MK

1-2

|
5Ll | oo

'

2—1)

6,459,029
43.75.St METHOD AND APPARATUS FOR 22
DISPLAYING MULTIPLE IMAGES OF MUSICAL piano keyboard—therefore, the central idea is to put black and white keys
SCORE DATA ON SCREEN OF DISPLAY on a guitar form. After all, you can’t rock without a guitar in hand.—MK

Haruki Uehara, assignor to Yamaha Corporation 6.459 028
1 October 2002(Class 84477 R); filed in Japan 21 June 2000 ! !

Imagine an LCD display mounted above the keyboard on a piano43.75.Wx PERFORMANCE DATA MODIFYING

Now as the score pointer advances from top to bottom, the background CO|CN’/|ETHOD PERFORMANCE DATA MODIEYING
will change for each staff. When the score pointer reaches the end of th !

“page,” the color selection will start from the top again.—MK S‘PPARATUS’ AND STORAGE MEDIUM

Akira Yamauchi, assignor to Yamaha Corporation
1 October 2002(Class 84477 R); filed in Japan 21 March 2000

The issue here is naturalness in a synthetic performance. If the score
contains ornaments such as turns, trills, and mordants, then the underlying
MIDI score must be modified accordingly.—MK

6,444,887
43.75.Tv STRING-PLUCKING TYPE ELECTRONIC 6,459,030
MUSICAL INSTRUMENT WITH PHOTO 43.75.Wx METHOD FOR PREVENTING POLYPHONY
SENSOR FOR GENERATING SIGNAL FOR SOUND SHORTAGE IN AN ELECTRONIC ORGAN
Tadashi Hiraoka and Isamu Kubota, assignors to Namco Limited Marco Di Paolo et al, assignors to Roland Europe S.p.A.
3 September 2002(Class 84600); filed in Japan 16 September 1 October 2002(Class 84620); filed in Italy 27 April 2001
1999

Implementing a multivoice/polyphonic synthesizer on a DSP micro-
In a gaming guitar for use in man-machine contests, a robust stringprocessor will eventually result in oscillator starvation as the processor can
less user interface must be offered to the user. Here, the player interrupts @xecute only a fixed number of oscillators for a given sampling rate. The
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patent is geared towards organs and so the recovery strategy is specific about 6,453,201
eliminating stops according to a priority: first comes Flute Celeste Il, last
comes Blockflte 2'.—MK 43.80.Qf IMPLANTABLE MEDICAL DEVICE WITH
VOICE RESPONDING AND RECORDING
CAPACITY
6,464,585 Douglas R. Daum et al, assignors to Cardiac Pacemakers,
Incorporated
43.75.Wx SOUND GENERATING DEVICE AND 17 September 2002Class 60762); filed 28 December 1999
VIDEO GAME DEVICE USING THE SAME An implantable medical device such as a cardiac pacemaker or a

cardioverter/defibrillator is equipped with the capability of receiving and
Shigeru Miyamoto et al, assignors to Nintendo Company, Limited ~ acting on communications in the form of speech spoken by the patient. The
15 October 2002(Class 46335); filed in Japan 20 November 1997  device includes an acoustics transducer, which, along with associated filter-
ing circuitry, enables the voice communication to be used to affect the

The mind of Nintendo 'S partlally ex‘posgd in this gaming patent. It operation of the device or recorded for later playback.—DRR
describes how to use a typical gaming joystick controller to construct a

sequence of musical notes. It includes flowcharts and ROM layout for those
who wish to understand the internals.—MK

6,454,714

6.450.128 43.80.Qf ULTRASONIC HARMONIC FLASH

SUPPRESSION
43.80.Nd BIRD TRAINING METHOD AND

APPARATUS THEREFOR Gary Ng and James R. Jago, assignors to Koninklijke Philips
Electronics N.V.

Mark A. Boyce, Gilbert, Arizona 24 September 2002 Class 600443); filed 20 October 2000

17 September 200ZClass 119713); filed 15 May 2001 A method is described for reducing the flash artifact of ultrasonic

The device is designed to train birtienerally of the parrot specie® harmonic_images. Harmonic image_zs are separated by pulse _inversion sepa-
refrain from uttering preselected vocalizations. It functions by locating a"@tion which uses multiple transmit pulses that may be subject to motion
bird in an illuminated control area, capturing a sound uttered by the bird ttifacts. The motion artifacts are detected and subtracted from the harmonic
produce an audio signal, determining if the sound is the preselected voca#'dnals to produce harmonic images with reduced flash artifacts. The motion
ization, and, upon the occurrence of the preselected vocalization, triggeringtifacts may also be reduced by notch filtering. In another embodiment, the
a timing unit to automatically darken the control area for a specified time@mount of motion in the image is detected and the flash artifact is reduced in
interval —DRR accordance with the detected motion. The amount of artifact signal that is

removed is variable in accordance with anticipated image motion or clinical
application.—DRR

6,450,959
43.80.Qf ULTRASOUND B-MODE AND DOPPLER 6,458,084

FLOW IMAGING 43.80.Qf ULTRASONIC DIAGNOSIS APPARATUS

Larry Y. L. Mo et al, assignors to GE Medical Systems Global

Technology Company Jing-Wen Tsaoet al, assignors to Aloka Company, Limited

17 September 2002Class 608441); filed 23 March 2000 1 October 2002(Class 600443); filed in Japan 17 February 2000

This ultrasound scanning system contains multiple ultrasound range N this ultrasonic apparatus, one transmission signal includes two fun-
gates for generating Doppler signal samples that represent different incrélamental frequencies, fO and 2f0. A second transmission signal then has a

ments of depth within a subject undergoing study. A logic unit generateé")lariw reverse that of the first transmission signal. A receiving beam pro-
cessor22 generates a signal in which the echoes are subtracted. The funda-

SAMPLE 1160 mental components are canceled out by addition and a secondary harmonic
GATE f componentA2 generated by the nonlinear interactions remains in the sum
CURSOR
§ { ¢
.. T issi
PoRAM | Jrmmisial [ mmion || e
P Control circui
SPECTRAL % o [ o Clrlcull 10
VELOCITY
PROFILE ? Y _p £ i (s
Receivi Receiving Receiving Detector Divider
eceiving R | B
Ampiter [P it 7] Processor o e |5 o
*— VELOCITY/FREQUENCY Circut bl
N Ay N
o S 22 42
Doppler frequency signals and also B-mode data. A display provides a 14 Disotay ] T
B-mode image upon which a Doppler image may be superimposed. The 16 PRV Processor
Doppler image is arranged to illustrate depth increments within the target S 5
area versus Doppler velocity or frequency.—DRR 20 18
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signal. In the subtraction signal, the fundamental component remains while o 114\ 18
the secondary harmonic component is canceled out by subtraction. The fun 1z Agzg;{g,A
damentalAll of the frequency 2f0 is extracted from the subtraction signal r Processor Velea 1
and a ratio(A2/All) is calculated by a divided44. High-pass filter46 then ‘{“. 100 Beamformer EVgcto:ry v
stimator
indicates, by differentiation, the nonlinear parameter at each depth into theB{ L Aperire B
body.—DRR Doppler
Processor 16
P?O'é/‘eoss%r \130
6,461,304 =0
160
43.80.Qf ULTRASOUND INSPECTION APPARATUS po——
. t
DETACHABLY CONNECTED TO ENDOSCOPE m oy Depiay
Toshizumi Tanaka et al, assignors to Fuji Photo Optical I a0
Company, Limited 1
8 October 2002(Class 600462); filed in Japan 30 March 1999 User Sraphics.
Controls

The aim of this apparatus is to provide ultrasonic scanning to supple-
ment the mechanical scanning of an endoscope. The ultrasonic inspectididw is used to correct the Doppler estimate for angle of insonation. A vector
apparatus consists of an ultrasound transducer in the form of a rectangulgfocessor automatically sets the orientation of the blood flow indicator. The
array of transducer chips. The ultrasonic scanning portion is detachable frorautomatically calculated angle is used to display the correct flow velocity

1/3 without user intervention.—DRR

AV

6,450,975

43.80.Sh ULTRASONIC TRANSMISSION GUIDE
WIRE

Lawrence Brennan et al, assignors to Advanced Cardiovascular
Systems, Incorporated
17 September 2002 Class 600585); filed 30 December 1999

The device constitutes a guide wire configured to conduct ultrasound
energy for use in the ultrasonic treatment of lesions located in hollow ana-
tomical structures. This angioplasty transmission guide wire has regions of
reduced cross section diameter. This is said to improve flexibility and to
compensate for degradation of longitudinal displacement due to acoustic
losses along the length of the wire. The guide wire has a core of ultrasonic
transmission material and an outer jacket of shrink tubing surrounding a
usable portion at the distal end of the elongated shaft. Threads at the proxi-
mal end accept a connecting ultrasonic transducer. The distal end consists of
a smooth ball tip for atraumatic application of ultrasound energy to biologi-
cal tissue.—DRR

\‘6
the endoscope so as to protrude ahead by a predetermined amount. In order 6,451,013
to position the ultrasonic scanning portion in a fixed manner, an endoscope-

placement segment is connected to the base end of the ultrasonic scanner43.80.Sh METHODS OF TONSIL REDUCTION

DRR USING HIGH INTENSITY FOCUSED ULTRASOUND
TO FORM AN ABLATED TISSUE AREA
CONTAINING A PLURALITY OF LESIONS

6,464,637 F. Barry Bays and James B. Hissong, assignors to Medtronic
Xomed, Incorporated
43.80.Qf AUTOMATIC FLOW ANGLE CORRECTION 17 September 2002Class 60627); filed 31 July 2000

BY ULTRASONIC VECTOR

This method of tonsil reduction by thermal ablation uses high-intensity
. . . focused ultrasound energy. An ultrasound emitter is introduced into a pa-
Aline ‘Laure Criton and Hglen Frances Routh, assignors t0  jianes oral cavity and positioned next to an external surface of one of the
Koninklijke Philips Electronics N.'V' patient’s tonsils. Ultrasound energy from the transducer is emitted into the
15 October 2002(Class 608441); filed 21 November 2000 tissue of one tonsil and focused to ablate the tonsil tissue. A series of ablated
An ultrasonic system produces an image that includes a blood vesselesions are created and the ablated tissue is either surgically removed or is
A blood flow direction indicator is displayed over the blood vessel to indi- allowed to remain in the patient's body. The lesions end at a predetermined
cate the direction of the flow within the vessel. The direction of the blooddepth so that muscular tissue is not damaged.—DRR
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6,454,713 6,454,757
43.80.Sh ULTRASOUND THERAPEUTIC 43.80.Sh ULTRASONIC METHOD FOR ABLATING
APPARATUS AND REMOVING OBSTRUCTIVE MATTER

FROM ANATOMICAL PASSAGEWAYS AND BLOOD
Yoshiharu Ishibashi et al,, assignors to Kabushiki Kaisha Toshiba  \VESSELS
24 September 2002 Class 600439); filed in Japan 31 March 1995

This therapeutic device for treating diseased tissue consists of an ul-
tr'aso'mc vyave generator to ggnerate therapeultlc.ultraso'nlc waves md an 24 September 2002Class 604517); filed 2 September 1999
vivo imaging probe for obtaining a tomographic image in the focusing re- o o ] ) )
gion. The imaging probe receives echoes of the pulses emitted by the trans- This is a device intended for treating obstructions of tubular anatomi-

ducer. The driving conditions for the wave generating device are adjusted oﬁal passageways of the urinary tract, including the urethra and fallopian

. ) ) N ) tubes. It involves inserting an ultrasonic catheter into the passageway and
the ba§|s of 'the received _EChO signal t.hat contams .|nformat|0n about th assing ultrasound to the distal end of the catheter. Liquid is infused into the
actual intensity of the applied therapeutic waves within the body.—DRR jista| end and expelled through lateral fluid outflow apertures at a rate that

will cause fluidic dilation of the anatomical passageway.—DRR

Henry Nita and Timothy C. Mills, assignors to Advanced
Cardiovascular Systems, Incorporated

6,458,143

43.80.Sh ULTRASONIC TREATMENT INSTRUMENT

6,454,730 FOR MEDICAL OPERATION

43.80.Sh THERMAL FILM ULTRASONIC DOSE Toshiya Sugai, assignor to Olympus Optical Company, Limited
INDICATOR 1 October 2002(Class 606169); filed in Japan 4 October 1999

Dennis Hechelet al, assignors to Misonix Incorporated _ Th_is is an uItrasoni(_: device_to be used in medical operatiqns. The
¥ . . device includes a handpiece having a cover that serves as a grip and an
24 September 2002Class 6012); filed 2 April 1999 ultrasonic transducer is housed within the cover. A vibration-transmitting
In the application of applying ultrasound treatment to a portion of the member connected to the transducer extends from the handpiece in order to
human body, the body portion will experience a temperature rise when afonvey the ultrasonic energy. A treatment portion is provided at the distal
ultrasound dosage limit has been reached. The method described here fi?d ©f the transmitter for the purpose of treating living body tissues. The
volves deploying on the body portion an indicator adapted to provide atransmlttlng member can be bent in a number of places so that the treatment

visual change at the determined temperature and applying ultrasound to tﬁ)é)rtlon can be positioned at or near the central axis of the handpiece. —DRR

body until the indicator provides the specified visual change.—DRR

6,461,586

43.80.Sh METHOD OF MAGNETIC RESONANCE
FOCUSED SURGICAL AND THERAPEUTIC

ULTRASOUND
6,454,737
Evan C. Unger, assignor to Imarx Therapeutics, Incorporated
43.80.Sh ULTRASONIC ANGIOPLASTY- 8 October 2002(Class 4249.32); filed 10 July 2000
ATHERECTOMY CATHETER AND METHOD OF USE This involves a method of combining magnetic resonance imaging and

focused surgical/therapeutic ultrasound. A contrast medium for magnetic

Henry Nita and Timothy Mills, assignors to Advanced resonance imaging is administered, introducing gas-filled vesicles into a
patient undergoing surgery. The contrast medium is used to scan the patient
with magnetic resonance imaging to identify the surgical work region. Ul-
trasound is then applied to carry out the surgery. The ultrasound application

The device is designed to remove obstructive matter from an anatomimay be simultaneous with magnetic resonance imaging and the scanning
cal structure or passageway by ultrasonic means. It consists of an elongatedd surgical steps may be performed repeatedly until the desired effect is
pliable catheter with an attached distal tip and an ultrasound transmitter th&chieved. The gas-filled vesicles may contain a therapeutic agent to be re-
extends longitudinally to convey ultrasound to the distal tip. The tip has deased in a localized region upon application of the ultrasound.—DRR

Cardiovascular Systems, Incorporated
24 September 2002 Class 60422); filed 25 June 1999

3w 202 u 2%,,
/ / 42

J %X 6,464,660

43.80.Sh BALLOON CATHETERS HAVING
ULTRASONICALLY DRIVEN INTERFACE

556&\ > =5 SRR N SURFACES AND METHODS FOR THEIR USE
X 0\ —— 2 Ny
GW 38

Axel Brisken and Vartan Ghazarossian, assignors to
Pharmasonics, Incorporated

concave indentation in the distal surface and at least one passageway ex- 15 October 2002(Class 60422); filed 14 March 2001

tending inside the catheter to communicate with a catheter lumen. This A catheter consists of a catheter body having an oscillating driver, an
facilitates suctioning of severed matter that comes in contact with the conpyerface surface mechanically coupled to the driver, and an inflatable bal-
cave indentation. The device may also incorporate means for infusing fluidgoon deployed near the interface surface. The balloon may serve as an an-
(e.g., irrigation fluid or medicationsseparately or concurrently with the gioplasty balloon, in which case the interface surface will deliver ultrasonic
aspiration of the severed obstruction matter—DRR or other vibratory energy into a blood vessel as part of an angioplasty or
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related procedure. Alternatively, the catheter may include a pair of axially 6,458,082
separated isolation balloons, in which case the interface surface can deliver

ultrasonic or other vibratory energy into a treatment region between thes43.80.Vj SYSTEM AND METHOD FOR THE

two balloons. The energy can thus act to mix or enhance penetration of ISPLAY OF ULTRASOUND DATA
treatment confined between the two balloons in performing a vascular treat-

ment procedure.—DRR John I. Jacksonet al, assignors to Acuson Corporation

1 October 2002(Class 600441); filed 29 September 1999
A 2-D ultrasound echo data set is acquired, transformed into a 3-D

6,450,172 data set based on a component of echoes in the set, and then transformed
. back into an altered 2-D data set to display image information in an easier-

COMMUNICATION FROM AN IMPLANTABLE
MEDICAL DEVICE 6,458,083

Jerome T. Hartlaub et al, assignors to Medtronic, Incorporated 43.80.Vj ULTRASONIC HARMONIC IMAGING WITH

This patent involves a method for broadcasting patient warnings or
messages from an implantable medical devitd¢D). The IMD transmits James R. Jagoet al, assignors to Koninklijke Philips Electronics
radio signals that can be received and reproduced in the form of voice N.V.

statements or other audible sounds. The sounds are stored in an analog 1 October 2002(Class 600443); filed 3 March 2000
memory and triggered by a condition arising during programming, during
interrogation, or by a warning trigger event. An extemal radio receiver "®-echo information are received. The fundamental and harmonic content

celve(sj thedbroadzastt&g(;]atl)land the audible sc_)u_nds”velaée_ c;emodt_ulatzd “of‘the echo information are analyzed and the relative content of an output
reproduced as understandable messages comprising information urlrE‘ignal is adjusted to take advantage of different characteristics in the

programming and interrogation phases.—DRR echo information. Images formed using the signal are an adaptive blend of
fundamental, tissue harmonic, and harmonic contrast echo information.—

Fundamental frequency, harmonic contrast, and tissue harmonic

RCW
6,450,961
6,461,298
43.80.Vj ULTRASOUND IMAGING USING FLASH
ECHO IMAGING TECHNIQUE 43.80.Vj THREE-DIMENSIONAL IMAGING SYSTEM
Eiichi Shiki and Yoshitaka Mine, assignors to Kabushiki Kaisha Aaron Fenster et al, assignors to Life Imaging Systems
Toshiba 8 October 2002(Class 600437); filed 27 August 1999

17 September 2002Class 600458); filed in Japan 3 June 1999 An ultrasound array transducer is swept along a linear scanning path

Two images are produced by this system. The first image uses echoewer a volume of interest and successive cross-sectional images of the vol-
from a transmission that can destroy an ultrasound contrast agent. The seeme are digitized. The digitized images are used to produce a three-
ond image comes from a transmission that has less capability to destroy tld#mensional image quickly. The three-dimensional image can be rotated
contrast agent. This permits imaging in an interval of a flash echo phenomabout an arbitrary axis, a surface of the image can be translated to provide
enon in an object that contains a contrast agent and in an interval when ttdifferent cross-sectional views, and a selected surface can also be rotated

phenomenon is absent.—RCW about an arbitrary axis.—RCW
6,461,299
6,450,962 .
43.80.Vj MEDICAL DIAGNOSTIC ULTRASOUND
43.80.Vj ULTRASONIC DIAGNOSTIC METHODS SYSTEM AND METHOD FOR HARMONIC IMAGING
AND APPARATUS FOR GENERATING WITH AN ELECTROSTATIC TRANSDUCER

IMAGES FROM MULTIPLE 2D SLICES
John A. Hossack, assignor to Acuson Corporation
Helmut Brandl et al, assignors to Kretztechnik AG 8 October 2002(Class 60@437); filed 22 December 1999

17 September 2002Class 600458); filed 18 September 2001 Waveforms applied to an electrostatic transducer are predistorted to
Ultrasonic echo information is received from a volume, scan con-account for the nonlinear transfer characteristic of the transducer. The force

verted, volume rendered, and projected onto a 2D cross-section.—RCW on the transducer array is measured. The measured force is used to develop
a bias voltage applied to the transducer.—RCW

6,454,715 6,461,303
43.80.Vj METHODS AND APPARATUS FOR BLOOD 43.80.Vj METHOD OF DETECTING ULTRASOUND
SPECKLE DETECTION IN AN INTRAVASCULAR CONTRAST AGENT IN SOFT TISSUE, AND
ULTRASOUND IMAGING SYSTEM QUANTITATING BLOOD PERFUSION THROUGH

REGIONS OF TISSUE

Tat-Jin Teo, assignor to Scimed Life Systems, Incorporated
24 September 2002 Class 600443); filed 20 April 2001 Bjorn Angelsen, Trondheim, Norway

The strong frequency dependence of scattering from blood is used to 8 October 2002(Class 600458); filed 19 January 2001
distinguish between scattering from blood and scattering from tissue that ~ Transmit pulse parameters are chosen to produce an incident pressure
lacks a strong frequency dependence of scattering.—RCW pulse for imaging a contrast agent at a particular depth with minimal varia-
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tion over the range of the image. Nonlinearly distorted backscattered ultraparameters such as Doppler energy and b-mode intensity can be calculated
sound signals are received from both the tissue and the contrast agent. Thad displayed as quantities or waveforms as a function of time. Compari-
receive signals are passed through a beamformer that provides a steerabtens of data are provided.—RCW

sensitivity. —RCW

6,464,641
6.464.638 43.80.Vj METHOD AND APPARATUS FOR
T AUTOMATIC VESSEL TRACKING IN ULTRASOUND
43.80.Vj ULTRASOUND IMAGING SYSTEM AND IMAGING

METHOD FOR SPATIAL COMPOUNDING . ) :
Lihong Pan et al, assignors to GE Medical Systems Global

Darwin P. Adams and Karl E. Thiele, assignors to Koninklijke Technology Company LLC )
Philips Electronics N.V. 15 October 2002(Class 600453); filed 25 February 2000
15 October 2002(Class 600443); filed 5 October 2000 A range gate is maintained inside a moving vessel during the imaging
Ultrasound images are compounded in the elevation dimension. A conPTC€ss: The gate can be maintained at the center of the vessel, a distance
troller in this system obtains image information from imaging planes prior to/T0M @ vessel boundary, or at a ratio of distances between two boundaries.
compounding and the information is used to compound the images Thauccessive image frames are processed and used to revise information about

compounded images consist of ultrasonic scanned beams that originate frotrlﬂe vessel boundary positions and the vessel orientation in the vicinity of the
spatially separate vantage points.—RCW range gate.—RCW

6,464,644
6,464,640
. 43.80.Vj METHOD OF ULTRASONIC IMAGING AND
43.80.V) METHODS AND APPARATUS FOR ULTRASONIC DIAGNOSTIC APPARATUS
ULTRASOUND IMAGING WITH AUTOMATIC COLOR
IMAGE POSITIONING Hiroshi Hashimoto, assignor to GE Medical Systems Global
Technology Company, LLC
Ismayil M. Guracar and John I. Jackson, assignors to Acuson 15 October 2002(Class 600458); filed in Japan 8 March 2000

Corporation ) Ultrasonic waves sufficiently strong to disperse a contrast agent are
15 October 2002(Class 608453 filed 6 January 2000 transmitted in a number of beams and received echoes are used to form an

A Doppler signal at a spatial location of interest is summed to obtain aimage. Ultrasonic waves of a reduced strength that will not disperse the
value along a surface. A corresponding signal is also found at subsequenbntrast agent are then transmitted and received echoes are used to produce
times and summed with the initial signal to obtain a time-dependent surfacanother image. These operations are repeated to display ultrasonic images

integral value, which is displayed. Other quantities based on ultrasoundrom which time changes in blood flow are recognized at a glance. —RCW
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Acoustic and mechanical response of reservoir rocks
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We investigate the acoustic and mechanical properties of a reservoir sandstone saturated by two
immiscible hydrocarbon fluids, under different saturations and pressure conditions. The modeling of
static and dynamic deformation processes in porous rocks saturated by immiscible fluids depends on
many parameters such as, for instance, porosity, permeability, pore fluid, fluid saturation, fluid
pressures, capillary pressure, and effective stress. We use a formulation based on an extension of
Biot's theory, which allows us to compute the coefficients of the stress—strain relations and the
equations of motion in terms of the properties of the single phases ab it conditions. The
dry-rock moduli are obtained from laboratory measurements for variable confining pressures. We
obtain the bulk compressibilities, the effective pressure, and the ultrasonic phase velocities and
quality factors for different saturations and pore-fluid pressures ranging from normal to abnormally
high values. The objective is to relate the seismic and ultrasonic velocity and attenuation to the
microstructural properties and pressure conditions of the reservoir. The problem has an application
in the field of seismic exploration for predicting pore-fluid pressures and saturation regimes.
© 2003 Acoustical Society of AmericdDOI: 10.1121/1.1554696

PACS numbers: 43.20.Jr, 43.20.1H§NN]

I. INTRODUCTION was presented by Mochizifkio analyze experimental data in
] . ) partially saturated rocks. The two fluids were modeled as a
~ Rock-acoustic models relating the petrophysical characgingle phase one by means of a volume average for the den-
teristics  of rocks—and their pore fluids an situ iy an apparent viscosity, and an effective fluid compress-

conditions—with the acoustic properties, are essential toolﬁji"ty. Some years later, using variational principles, Berry-

in reser\{ow_geophysms. Im_portant appl|cat|o_ns are time -t al7 derived a theory for wave propagation in porous
lapse seismics, geomechanics of petroleum-rich rocks, a

nr% .
) L . S cks saturated by segregated flujliguid and gagand also
reservoir characterization, evaluation, and monitoring. y Segreg it gas

The fundamental concepts about the stress—strain reltff—)r the case of mixing of liquid and gas. A different ap-

tions and the dynamics of porous deformable rocks fu"yproach, based on a scattering theory, was employed by

- 3 ) .
saturated by single-phase fluids were established in the piél'_okscz etal.” for pores of different shapes to analyze seis-

neer works of Biof~3 However, when the pore volume is mic velocities for variable pressure and saturation condi-

occupied by more than one fluid phase, a different treatmerjons: In this model two phase fluids are treated as inclusions
is required, depending on the behavior of the fluids and theifMiscible or immisciblg and is also valid when each fluid
distribution within the pore space. Theoretical formulationsoccupies different parts of the pore space.

for the study of the deformation and wave propagation in It must be remarked that none of these models incorpo-
porous rocks with partial, miscible, or segregated fluid satuylate the capillary forces existing when two immiscible fluids
ration have been presented by different authors. In this reshare the same pore volume. To take this effect into account,
gard, Dutta and Odeanalyzed the attenuation and dispersionSantoset al®1% developed a theory based on a Lagrangian
of seismic waves in a brine-saturated rock containing spheriformulation and the principle of virtual complementary
cal gas pockets using a model based on Biot's equations andork. Consequently, unlike the previously mentioned mod-
White’s modeF Another application of Biot's formulation els, this theory takes into account the residual saturations of
both fluid phases and the fact that pressure variations in-
dElectronic mail: claudia@fcaglp.fcaglp.unip.edu.ar; fax: 0054 221duced by wave propagation are different in the two fluid
4236591. phases. Some applications of this model were recently pub-
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lished in Refs. 11, 12 for the estimation of gas hydrate confluids, respectively. Then, we dendsg andS, the averaged
centration and free gas saturation from well logs and seismiwetting and nonwetting fluid saturations, respectively, which
data. Also, an interesting analysis and discussion about thire assumed to satisfy the condition of complete pore volume
subject was presented by Corapciotjlu. saturation:S,+ S,=1. The model assumes that both fluids
In recent years, the oil industry has shown an increasingan flow in the pore space, and, consequently, we only con-

interest in the use of high-frequency seismic data for studysider saturation states within the raffjé*
ing the changes in pore pressure and poroelastic moduli dur-
ing production. Of utmost importance is the determination of Sn<Sh<1=Sw, Sw<Sy<1=Sn, 2.9
fluid saturation and its distribution, and the pressure regimevhere S,,, and S,,, denote the residual saturations of both
of the hydrocarbon fluids before drilling, since the predictionphases. The saturati@®, is the amount of nonwetting fluid
and detection of rocks with abnormally high fluid pressureshat remains in the pore space when the capillary pressure
(overpressurgis important to minimize risks and avoid dan- tends to zero, an8,,—also called irreducible saturation—is
gerous blowouts during drilling operations. The occurrenceahe remaining wetting fluid when the capillary pressure
of overpressure phenomena is observed in sedimentary besaches its maximum value.
sins worldwide and is associated with different Let AP,, AP,,, and AS, denote, respectively, infini-
mechanisms” The most important are gas to oil conversion tesimal changes in the pressures of the nonwetting and wet-
(cracking®® and disequilibrium compactioff. ting fluids and the nonwetting fluid saturation, with respect

_ In connection with these su_bjegts, our main obj_ectlve INto corresponding reference valuBs, P,,, and S, associ-
this work is to present the application of a generalized verateq with the initial equilibrium state. Recall that the fluid

sion of the model described in Refs. 9, 10 to analyze thgyressures are related through the capillary relafigh*
mechanical and acoustical properties of a consolidated reser-

voir sandstone saturated by immiscible fluids under variable — Pgy(Sn)=Pea(Sht+AS,) =Py~ Py+AP,—AP,,
confining and fluid pressures. _
Ultrasonic laboratory experiments on dry samplder =Pca(Sh) +APca. 2.2

different confining pressures provide the dry-rock moduligaseq on experimental data and ignoring hysteresis, we will
versus effective pressure. These moduli and the effectivgssyme thaP,, is a positive and strictly increasing function
stress coefficients are the most important parameters, Singg ne nonwetting fluid saturation.
they characterize the acoustic properties of the rock. Our  Next using some formulas given by Santsal,’® we
results indicate that the model is suitable for studying th&yjj define and compute the bulk compressibilities for this
transition zones within hydrocarbon reservoirs, providing aype of media using a generalization of the arguments given
unified relationship between the properties of the rock framq)y Zimmerma#? for single-phase fluids. First, from the
and the pore fluids and their static and dynamic responsesgrain—stress relations in that formulation we obtain an ex-
The paper is organized as follows. In Sec. I, we give thepression of the specific change in bulk volun,

generalities of the model and a brief review of deﬂmhonszAVb/Vb from a reference undeformed staw, due to

and concepts regarding compressibilities and effective pres; ;
. : ) changes irP., P,,, andP,. Thus, from(39), (413 and the
sure. In the next section, we describe the equations of mo: 9 S W (39), (413

: - . . i
tion, the elastic coefficients of the model, and the propag expressions for (B + 1/2N), Fq, F, in Ref. 10 and apply

. . . i i a1'ng the capillary relatior(2.2), it can be shown that
tion of elastic waves in a porous isotropic rock saturated by

immiscible fluids, and give expressions for the phase veloci- €,=—CnAP.— 5(§n+B)A P, 5(§N_,3)pr, (2.3

ties and quality factors. In Sec. IV, we apply the previous ] o
formulation to analyze the effects of variable saturation angvhereé=Cs—Cp, CsandCp, being the compressibilities of
fluid pressures on bulk compressibilities, effective pressurethe solid grains and dry matrix3=Pc4(S,)/P¢a(S,) and
phase velocities, and quality factors. We consider fluid presP/,(S,) =dP.,/dS,.

sures ranging from the normal hydrostatic state to abnor-  Since the variations of the bulk volunyg, are due to the
mally high values, close to the fracturing limit. We use achanges of three different pressures that may vary indepen-
realistic capillary pressure curve, and frequency-dependemtently, we can define the following bulk compressibilities:
dissipation, satisfying appropriate thermodynamic condi-

tions. Coue — _i AVp _ i=Cm, (2.4
Vo \AP/ o o Kp
Il. BULK COMPRESSIBILITIES AND EFFECTIVE weca
PRESSURE OF A THREE PHASE MEDIUM 1AV,
Let us consider a volum¥,, of a porous medium fully Cow=— Iy =Cp—Cs, (2.9
saturated by two immiscible fluidsuch as oil, brine, or free Vo WIPGPea
ga9 under a confining pressur@;. In these situation, the
distribution of fluids in the pore space depends on the wet- :i AVyp =(§n+ﬂ)(c —Cy) (2.6)
tability of the rock, i.e., its relative preference to be covered bea Vp \APca/ 5 o '

by a certain phase. The fluid in contact with the pore surface
is the so-called wetting phase. In the following, the sub—whereszcr;l is the bulk modulus of the dry matrix. The
scripts “w” and “n” refer to the wetting and nonwetting first two compressibilities are completely analogous to those
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of the single-phase fluid case. In particul@.5 shows that
P plays the same role as the “pore pressupg’used in the
single-phase casé.

Next, combining(2.4—(2.6) and the capillary relation

(2.2), Eq. (2.3 can be rewritten in differential form as fol-

lows:
€=~ Cpc(P¢,Pw,Pca)dPc+ Cpy(Pc, Py, Pea)dPy,
+Cbca( PCva:Pca)d Pca- (27)

Assuming thaky, is an exact differential of the variabl€%,,
P., andP., and thatC; is constant, from2.4), (2.5, and
(2.7), we get

Cpe=Cpe(Pc—Py,Pca), (2.8
and from(2.6) and (2.7),
Chea=Chea P Pu+Pea)
= (Sy+ B)(Coc(Pe— Py ,Pea) — Co), (2.9

Next, following Zimmermarf? to obtain an effective

Ebca(Pc_ Ew ’ Pca(sz ), Pca(gn))

= — M Chea Pc— Py, p3)dp
Poa(Sn) — Poa(SE) Jpeqsyy 2ot ¢ TS

1 S,
T Po(S)— Pox(S) fS:[s+/3 )]

X[Cpo(Pe— Py, Pea(s)— CsIPL(s)ds, (2.15
where we have use@.6) and the fact thap;=p5(s) is the

capillary pressure function and the variableakes values in

the saturation rangeS}, ,S,].

It must be remarked that the effective pressure in this
case not only depends on the confining and wetting fluid
pressures but also on the changes in capillary pressure.

Ill. EQUATIONS OF MOTION AND ELASTIC
COEFFICIENTS

In this section we present the equations of motion for

pressure law for bulk volume deformation we compute thetis kind of media, which will be used in Sec. IV to compute

total strainEy, integrating(2.7) in the (P.,P,,,P;,) state
variables, along the following paths:

Path 1: (0,0P.4(S5))— (P.,0Pa(SH)),

Path 2: (Pe,0Pca(SH))— (Pe,Pu,Pea(SH)),

Path 3: (P¢,Py,Pea(SH))— (Pc,Pu,Pea(S),

obtaining

Pe Pu Pea(Sn)
Ep= fo e, dpy+ jo ebdp2+J e, dps

Pea(Sh)
= —Cpe(Pc—Pw.,Pca(S5))PY, (2.10

resulting in abulk effective pressure lawPgiven by

Po=Pc—Tp1Pu—Tno(Pea(S) — Pea(S5)). (.11
where
b1 =1~ Cs/Che(Pe—Pu,Pea(SH)), (2.12
M52= ChealPc— Pu Pea(Sh), Pea( Sn))/
Coc(Pe—Pu . Pea(SE)). (2.13

seismic wave velocities and quality factors. Our objective is

to analyze the combined effects of saturation and confining
and pore pressures on the properties of the different wave
modes.

Let u®, T", andU" denote the time Fourier transforms of
the averaged absolute displacements for the solid, nonwet-
ting, and wetting fluid phases, respectivelydfdenotes the
effective porosity, then we introduce the relative fluid dis-
placementsi” andu®, given byu'= ¢(T'—u®), I=n, w.

For a spatially homogeneous medium, the frequency—
domain equations of motion take the following form:

(i) = 0?(pUs+ ppSou™+ pySyuu™)

= (Kot N)V(V-U8)— NV XV XU+ B, (V-u")
+B,V(V-u");
— 02( PSS+ g+ g u™) +i @ dyu"—i o dpyu”

281V(V'US)+M1V(V°Un)+M3V(V°uW), (31)

(i)

— 02( Py SyUS+ g™+ gy U") +i @ dyyu" —i @ d,u"
—B,V(V-US) + MV (V-u") + M,V (V-u"),

where w=2=f denotes the angular frequency ahi the
frequency. The coefficients, andp,, are the mass densities

(iii)

It must be observed that the integration in the capillary presof the fluids andp is the mass density of the bulk material,

sure variablgPath 3 does not begin a®.,=0 since such a
value corresponds to the irreducible saturatp. To avoid

loss of generality we start the process at an arbitrary satura- P= (1= ®)pst d(Sapnt Sypw).

tion St within the range(2.1).

The coefficientsCp., and Cy., are the mearfor “se-
cant”) values of the compressibilitieS,,., and Cy in the

intervals[0,P.] and[ P (S),Pca(Sy) ], respectively,

_ _ 1 (Pc _
Cbc(PCaPca(Sn)):P_fo Cbc(pypca(sn))dpy (2-14>

c
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which is related to the grain densips and the porosity as

(3.2

The quantitiesy,,, 9w, 9nw. are mass coupling coeffi-
cients; as in the classical Biot’s theory for single-phase fluid
saturation, they represent the inertial effects associated with
dynamic interactions between the three different phases. The
coefficientsd,, d,,, andd,,, represent viscous drag effects
that can be expressed in terms of the viscosities and relative
permeabilities of each fluid phase.
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For frequencies higher than characteristic frequencies t&ABLE I. Properties of Bandera sandstone.
be defined later, these coefficients need to be modified. For

Porosity, ¢ 20%

simple pore geometries like plane slits and cylindrical ducts  apsoiute permeanilityk 3.5x10°15 m2
Auriault et al?* gave explicit expressions for frequency-  Grain density,ps 2700 kg/nt
dependent relative permeability tensors using homogeniza- Grain bulk modulus K 44 GPa

tion techniques. In Sec. IV we will define the mass and vis-
cous coupling coefficients using an extension of the ideas

described in Refs. 2 and 25. _ The plane wave analysis performed in Ref. 9 shows that

The elastic modulK¢, By, B, My, My, Mg are given i these types of media, three different compressional waves
by the following formulas that can be obtained with the ar-(Type I, Type II, and Type Il and one shear wavéor S
guments given in Ref. 10 and taking into account the referWave propagate.

ence pressureB,,, P, of both fluid phases: The Type-l wave is the analog of the classical fast P
— _ wave propagating in elastic or viscoelastic isotropic solids

KoKpt+=2 Ki(Kn—K . . . . . .
C:M, == m and is associated with the motion of both solid and fluids
(Ks+ =) $(Ki=Ky) moving nearly in phase. Type Il and Type Il are slow waves

-1 strongly attenuated in the low-frequency range. The first one
, a= 1+(§n+’3)(7_ 1), (3.3 is analogous to the classical Biot’s slow wave, with the two
fluids moving nearly in phase and in opposite phase with the

[, S
Kf—“(K—nTW

e el W | solid. For the Type-lll waves, both fluids move in nearly
y= ( 1+ Pca(Sn)SnSW) ( 1+ Pea(Sn)ShSw opposite phase with each other.
Kw Kn Denoting byk;, j=1, II, lll, S, the complex wave num-
The remaining coefficients can be obtained by using th&®rs: the phase velociti€s; and quality factorsQ; are ob-
following relations: tained by using the formulas
_ 1 Re(kj)
B1=xKd[(Sy+B)y—B+(y—1){], Clmm Q=== —— 1 =L, (3.6
° 3.4 i“Rek) U7 2imk)’ ] 39

Bo= xKc[(Sy+ (1= )],
IV. APPLICATION TO THE STUDY OF REAL
B M= g 4 SANDSTONES
5K 27q 2t q’
" (3.5) In this section, we apply the theoretical formulation de-
r 1 4 scribed in previous sections to predict and investigate the
} q’ behavior of the compressibilities, wave velocities, and qual-
ity factors of hydrocarbon reservoir rocks iat situ condi-
tions. We use the ultrasonic laboratory data published by
1 -1 King,'” who measured compressional and shear wave veloci-
)H ; ties of a set of sandstondédry and fully saturatedunder
variable confining pressure. Among the available samples,
)l we choseBanderasandstone, a well-cemented and consoli-

q|32+(§n+ B)| 1— & dated feldespathic graywackéThe petrophysical and geo-
Ks technical characteristics of the samgp®orosity, permeabil-
) ity, grain density, and bulk modulusire taken from Kingf

Ks Kc_Km

and Mann and F&it (see Table)l The mineral bulk modulus
K is taken from Zimmermaf? The sandstone is assumed to
== ) , ) be isotropic.
where{=P,,/P¢,(Sy). According to Gassman's theofYjt To introduce the variation of the matrix properties with
will be assumed that the coefficieNtis identical to the shear effective pressure, we obtained the dependence ofetias-
modulus of the dry rockNy, . , o tic) shear and bulk dry-rock modulil,,(P.) and K (P,

It is known that wave dispersion and attenuation in real, o q\,5 confining pressure. For that purpose, we assume that
saturated porous media is higher than that predicted by Biotor each P., the measured velocities can be described in

type theories, in which dissipation is mainly due to viscody-yemg of the simplified elastic isotropic approximation. Then,
namic effects. The main discrepancies are related to the corny;

) o “we performed exponential regressions of the form
plexity of the pore shapes, heterogeneities in the spatial
distribution of the fluids, and other physical properties, the — f~(Po)=Yo+A; exp(— (P~ Po)/ty)
presence of clays and the anelasticity of the rock matrix.
These factors give rise to a variety of attenuation mecha- Az eXp(=(Pe=Po)/ty), .
nisms that can be included in the formulation, introducingwheref stands forN,,, or K,,. The coefficients are given in
viscoelasticity. The resultant poroviscoelastic moduli areTable Il.
complex and frequency-dependent functions and their com-  Since fluid pressure for a dry sample can be assumed to
putation will be explained in detail in Sec. IV C. be zero, the effective pressure equals the confining pressure.

4 1 N 1
q K P(’:agngN
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TABLE II. Coefficients of Eq.(4.1) for Bandera sandstone. For pressures given in MPa the moduli result in
GPa.

Po Yo Aq ty Ay to

(Kt 2.318591921065  7.943510°2  8.687x10°2  3.509  8.55%10 2 19.32
(Np) 1t 1.524982994273  7.969810 2  3.342x10°2 822 1.956¢10 2 41.26

Then, to obtain the elastic properties of the skeleton for a The complex-valued frequency-dependent function

given combination of confining and fluid pressures, we sim+(6;)=Fg(6;)+iF(6;), j=n, w, nwin (4.2—(4.9 is the

ply replaceP, by the effective pressuri@® [given by(2.1)]  “universal” frequency correction function defined by Biot

in Eq. (4.1). The whole set of poroelastic moduli are then for single-phase fluids:

computed using3.3—(3.5). _ o 1 67(0) ber (6)+ibef (8)
The mass and viscous coupling coefficients in the equa-  F(g)=-> ———F—, = _ ,

tions of motion(3.1) are computed by using the expressions 1- ZT(0) ber(6) +ibei(6)

given in Ref. 9 modified by frequency correction factors: 160

Fsp|§ . Fl(6) with ber(#) and be{6) being the Kelvin functions of the first
g(w)= ) + u1(S)?D, o I=n,w; (4.2 kind and zeroth order. The argumerttsfor F(6;), j=n, w,
nwin (4.2—(4.5) can be estimated as in Refs. 2 and 25,
F _
Ol @)= € (Pnpu S Sw) Y2 ,~a % =2 /Kk;Ao, i—nw.nw,
J
(:Uvn:“w)llzsnswkrnw Fi(Onw) . (4.9
+ D o (4.3 where A, denotes the Kozeny—Carman const&rif. This
_ correction functionF(6) is needed for frequencies higher
di(w)=w(S)?DIFR(), 1=n,0; (4.4  than the minimum of the characteristic frequencies, defined
(o) V7S, Sk *
(@) =5 Fr(fn); (4.5 _ Sw¢Db,
| —
0(S)="F_—, l=nw,
whereD =K (K;nkrw—K2,), Dn=Kn /D, Dy=Kkn/D. The s
constantsu,, ., are the fluid viscosities an, k,,(S,), ) S5 (4.10
Kw(Sn) andk,n.(S,) are the absolute and coupling perme- o(S,) = DE e
ability functions, respectively. The relative permeability €DF<(pnpw)
functions and the capillary pressure,(S,) used here are These expressions have been obtained, taking into account
computed using the relatioffs that we have two immiscible fluids and three relative perme-
1-5,\2 1-S,-S,\2 ability functions, following the ideas given in Ref. 7 for the
krn(Sn):<1_—) , krw(sn):(—w) , case of segregated fluids.
1=Sn 1-Sw In the following numerical tests, we study the mechani-
(4.6 cal response of the sandstone saturated by jtireewetting
1 sfn ) phase and oil (nonwetting phaseat a fixed confining pres-
Pea(Sh)=A (517 Sw-17 SA1-S,—Su)?)" sure(i.e., at a fixed depth for variable fluid pressures and

4.7 saturation states. The model represents a transition zone

. within a hydrocarbon reservoir. We assume that the rock is

Also, we takek;ny(Sn) = Vekin(Sn)kn(Sn). These relations  |ocated at a depth of about 3000 m at a confining pressure of
are based on laboratory experiments performed on differerdhout 70 MPa. The physical properties of brine and oil—

porous rocks during imbibition and drainage processes  assumed to be independent of pressure—are presented in
glecting hysteresis effegtsHowever, it must be pointed out Tgple |1I.

that those functions depend on the nature of the porous me- )
dium and the wettability of the pore fluids involved. In what A- Effective pressure law

follows the capillary pressure amplitude coefficiénequals It is a well-established fact that knowledge of the effec-
3 KPa. The residual saturation values &8&=S,,=5% tive pressure law of a porous saturated rock is essential for

and, consequently, the saturati@p in all the calculations the study of its mechanical behavior. In many cases, it has
varies in the range

0.06$§nS 0.94. (4.8)  TABLE Ill. Physical properties of brine and oil.
The factore in the definition ofk,,,, is taken to be 0.01. The Fluid Density Viscosity Bulk modulus
parameteir is the formation structure facto_r and is rglated Brine 1030 kg/ 0.001 NS/ 525 GPa
to the tortuosity of the pores. It can be estimated using they; 700 kg/n? 0.01 N s/m 057 GPa

following relation?® Fg=1/2(1+ 1/¢).
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been observed that when both confining and formation fluid 70 T T T T T T 1
pressures change, only the difference between the two, i.e., 60 _Wemnggageif‘é’;‘f‘sl;fcssi‘;r; ________ i
the differential pressurehas a significant effect on elastic “+.... Bandera Sandstone
properties and velocities. In particular, when this difference = 50 ] .
is small, the differential pressure gives a reasonable estimate = 40 b e e -
of the effective pressur.Since in our model we have two o o,
different fluid pressures that can vary independently, such a % 30 i
comparison cannot be directly done. Instead, we introduce & 20 | _
two differential pressures, associated with each fluid phase,
namely 10 Sn=040 --.:.-.,4ﬁ‘-
_ o 0 1 ] 1 1 1 i 1 i
Pwa=Pc.—Pw, Pnrg=P:—Ph. (4.1) 25 30 35 40 45 50 55 60 65 70
As stated in the Introduction, we are interested in the study  (2) Wetting Fluid Pressure [MPa]
of acoustic wave propagation in overpressured formations. —T—T—T—T—T—T—T—T
Such a physical condition of the rock is commonly quantified 30 -
in terms of an “excess pore pressure,” defined as the differ- 5
ence between the fluid pressure and the hydrostatic pressure 2 28 | .
Py, exerted by a column of water extending from the surface £
up to the depth under consideration. Thus, we define the 2 26 7
excess pressure of each fluid phase as é; o | i
J— J— =
— — Q
AP,,=Pyw—Pn, AP, =P,—Py. (4.12 % » L ]
In the following numerical tests, the wetting fluid pressure Pw =45 MPa
P,, (analogous to “pore pressurgis varied from the water 20—ttt 11 L1
hydrostatic pressur®,, for the considered depttabout 29 0010203040506070809 1
MPa) to the confining pressure value, assuming that the wet-  (b) Non-Wetting Saturation

ting fluid pressure cannot exceed the Confmmg pressure. FIG. 1. (a) A comparison of effective pressure, wetting-differential pressure

5 1TO Ogtgq the C?.efftlue?mbtl ?ﬂd Mb2 gl\t/en by Eqs.l').l. (PS), and Gangi—Carlson’s law f@,=0.40. (b) Effective pressure versus
(_ ’ %an ( '_3)’ We_ Irst es _Ima e the se_can compressibili- saturationS, (increasingP.,) for EW=45 MPa andP.=70 MPa.

ties Cp and Cy,¢,, disregarding the possible dependence of

the C,. coefficient onP_,. The initial saturation state in

these computations & = 0.053. Next, using Eq2.11), we law, keeping the wetting fluid pressui®, constant at 45

MPa. Although the effective pressure is almost independent
obtain the effective pressure law for the deformation of the » ved d b about 33
bulk volume be(PC,PW,Pca(Sq)) for each fluid pressure Sn, a marked decrease can be appreciétéabou 4

and saturation state. The effective pressure law is then an¥€n S, approaches its upper limit, i.e., near the residual

lyzed as a function of the wetting fluid pressure and saturaPrine saturation. This reduction also depends on confining
tion and wetting fluid pressures and is associated with the rapid

Figure Xa) shows the resulting’gf versus wetting fluid growth of the cap|llary_ pressure and tﬁgz_cpefﬂment. The
pressure fo§n=o. 4(at constanP ,~10 KPa). We compare behavior of the effective pressure coefficients versus pres-

the results of our model with other possible estimates, sucl%ure and saturation is shown in F|gs{a)2and (b), respec-
as the wetting-differential pressuf,y and a general law tively. In the first plot, we observe that Wh«mV approaches

proposed by Gangi and Carlsbrof the form P. (i.e., near the fracture limitn,;—1 andn,,—0, and
- Pef—> Pwd- This is due to the asymptotlc limit of the com-
PY=Pc—ngPy, With ng=ng—n;Pq. (4.13  pressibility Cy, that tends to infinity foP,,— P,

In these equations, the “pore pressure” is replaced by its Itis Worthvx_nle t_o re_mar_k that, whe_n consml_erlng elastic
valent P and we have considered.=1 and n wave propagation in this kind of media, the different wave

iqgl(\)/ff,&p wr ith . ) MPO_ 1 modes induce infinitesimal oscillatory changes in the stresses

e a-, With pressures given in a . and pressures of the solid and fluid phases with respect to
For a fixed saturation, we observe significant differ-

their reference equilibrium values. Under this assumption the
ences, particularly in the low pore pressure range. As ex-

stress—strain process takes place within the linear range.
pected, the increase in wetting fluid pressure causes a reoluﬁowever those increments are not taken into account in the

tIOI’.] in the effectn:e pres_su[e actln.g on the sqhd matrlX’evaluatlon of the effective pressure law, which is computed
which produces a “softening” effect in the formation. Thus,
Hn terms of P, PW, and Pca(Sn)

the behavior of the effective pressure law is consistent wit
the previously defined laws and explains the well-known ef-
fect of the decreasing of seismic velocities observed in overB: Bulk compressibilities versus saturation and
pressure
pressured formations.
Figure Xb) shows the effect of changes in saturation— In this section, we apply the equations given in Sec. Il to
and therefore capillary pressure—on the effective pressureompute the bulk compressibilities of the sandstone. A simi-
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FIG. 2. Effective pressure coefficientg, andn,, (a) versus pore pressure FIG. 3. (

P, (for S,=0.40), (b) versus saturatiorS, (increasingP.,) for P,
=45 MPa.

a) Normalized compressibilitie€,, (=C,), Cpyw and Cy, of
Bandera sandstone versus bulk effective presgbjeCy,., versus nonwet-
ting fluid saturation.

lar analysis was presented in Ref. 32. To estimate the elastic f the elasti i Thi his f |
response for different combinations of the state variabIesr,m‘t'o_nS of the e"f‘St'C mOdl.J - T 'S approach 15 requently
using the law(4.1) previously obtained foK (P,), we used in many static or quasistatic problems in rock mechan-
evaluate the coeﬁicierﬁ —K-1 at each eﬁect?:/e Br'essure ics, which can be regarded as reversible processes. However,
m m . . . .
In this way, we obtain the variation of the compressibilitieswhen congdermg dynamic problems such as wave propaga-
(2.4-(2.6) with effective pressure, assuming constant graint|on, the irreversible character of the deformation process
compressibility C; and an elastic reversible behavior. As plays a very .|mp.ortant role. . . - .
pointed out in Ref. 33, this is valid for well-cemented and The dissipation due to a viscous solid—fluid interaction
consolidated rocks, but in loose unconsolidated sands th&2S already introduced in the gguatlons of mo.t|on with the
compaction is both anelastic and irreversible. termsd, dy,, anddy,. In addition, as stated in Sec. lll,
Figure 3a) shows the compressibilitieS, ., Cp,y, and viscoelastic dissipation must be incorporated in the formula-
Cpca VErsus effective pressure normalizedb%y T\Vlvéte in tion. The theoretical basis for the extension of the poroelastic
ca 1 . . . . .. .
(2.4—(2.5) that, unlike theC,, coefficient, the other two formulation to _mclude y|scoelast|C|ty vaire given by .B%%
compressibilities do not depend explicitly &,. The non- anq later a}glplle: by déﬁere”F aUth&&_‘ Ust;thpgnC|ples |
linear decreasing behavior observed in all the cases can t% irreversible thermodynamics, Biot established a genera
attributed to the closure of microcracks, low aspect raticcorrespondence rule that allows us to extend our formulation
pores, and loose grain contacts, which increase the stiﬁne§g the poroviscoleastic case, replacing the real glgstlc coeffi-
of the rock. In Fig. 8), we observe the variation &y, cients by complex frequency-dependent moduli in the fre-
versus nonwetting saturation for a given wetting fluid pres—quer,l/(l:y domalnﬁ . d model din the li
sure. The magnitude of this coefficient suggests that capillary any mechanisms and models are proposed in t e lit
pressure changes may have a non-negligible influence Owatug% to explain the irreversible behavior observed in real
bulk volume changes, particularly in the range of intermediFOCKs-~ However, for practical purposes, we use the phe-

. . . 40 .
ate to high nonwetting saturations and for abnormally higmomenologlcal ”l]((,)del hdeﬂr;\ed by Iam E:jl' fo gescgb(le at-
pore pressuredow effective pressuras tenuation by making the shear and undrained modulus com-

plex and frequency dependent, while all the other
coefficients remain real. This is a linear and causal model,
whose associated complex modulus behaves properly in all

In the previous sections we considered bulk effectivethe frequency range, and satisfies the restrictions imposed by
pressures and compressibilities, using purely elastic approxthe laws of thermodynamiég.

C. Poroviscoelastic moduli
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The parameter€),, Ty, and T, are taken such that the increasing effective pressuté’*’ Figure §b) shows the
resulting quality factoQ,=T, /R, is approximately equal to type-l P-wave velocity versus saturation f§(A,=45 MPa

Q, in the range of frequencies where the equations aréthat is, for an excess wetting fluid pressuteP,,,
solved. For this computation we also introduced the depen=16 MPa). As expected, there is a maximum at minimum
dence of the quality factors associatedtpandN (i-e-vQKc oil saturation, a_n(_j a decreasing trend at intermediate statgs.
and QN)7 on effective pressur®, disregarding any possible The abso!ute minimum corresponds to t.he eﬁegt observeq in
dependence of such coefficients on saturation. The correEbe effective pressure law near the residual brine saturation

sponding curves are shown in Fig. 4. see Fig. 1)]. ) L ,
The shear wave velocity, shown in Fig(ch increases

almost linearly with increasing oil saturation, showing the
D. Wave velocities same abrupt decrease associated with the anomaly of the
We apply the formulation described in Sec. Il to ana-€ffective pressure ne&,=1-S,, . Except at this point, the
lyze the phase velocitieggiven by (3.6)] versus effective changes are only associated with density effects, siﬂce the
pressure and saturation, in the ultrasonic frequency randeulk density[given by (3.2)] decreases with increasir,
(f=1MHz) commonly used in laboratory experiments. and by hypothesis the matrix shear modulus does not depend
Figure 5a) shows the well-known behavior of the type-lI on saturation.
P-and S-wave velocities, which have a marked increase with  In Fig. 6(@), we plot the type-Il and type-lll P-wave
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velocities versus effective pressure, which are almost con- & 50 |- .
stant in the whole pressure range. Figui®)&hows the 2 pry s _
phase velocities versus saturation. We observe for this sand- = 46 |
stone that the type-Ill P wave is very sensitive to oil satura- §
tion. The velocity of the type-Il P wave has a maximum at “© M 7
intermediate saturation values, approaching zero near the re- gpl—t 11t L1
sidual saturations. This suggests that the mobility of the fluid 0 010203 04 .0'5 0.6 0’_7 0805 1
phases plays an important role. The behavior of these veloci-  (€) Non-Wetting Saturation

ties versus frequency was analyzed by Saetas 2° using a

poroelastic formulation FIG. 7. Type-l P- and S-wave quality factors versus effective predsiire

and versus nonwetting fluid saturatipi) and(c)].

E. Quality factors isostress mixture modél.e., with zero capillary forces as

We use Eq(3.6) to compute the quality facto®,, Q,, described in Berrymaet al.” Both quality factors show an
Qi , andQs associated with the different wave modes. Theabrupt decrease near the irreducible brine saturation, as can
quality factors of the type-I P and S waves are shown in Figsbe appreciated in the corresponding wave velocities.
7(a), (b), and (c). They show a pronounced monotonic in- To our knowledge, no laboratory or field data of attenu-
crease with increasing effective pressure, in agreement witBtion versus saturation for water—oil saturated sandstones are
the observations made by different authors in othe@vailable. However, we can compare the predictions of our
sandstone>:16:44.47 model with the observations made by different researchers in
The behavior ofQ, versus saturation is more complex, water—air(or water—gassaturated rocks, considering water
showing a relative minimum in the range from low to inter- as the wetting phase. A careful analysis of the results pub-
mediate nonwettingoil) saturation. The shear-wave quality lished by Murphy IIf* for Massilon sandstone, of the aver-
factor Qs tends to increase with oil saturation. Since an in-ages obtained by Jonesal*® using a set of nine sandstones,
crease in oil saturation increases the viscosity of the flui®nd of the discussion in S'(';h‘g_(Sec. 7.3.4.1 allows us to
mixture—and hence the viscous dissipation—these resultsonclude thaQQg increases wittsg,,, and thatQ, has a mini-
suggest a nonlinear relationship between quality factors anchum at intermediate saturation states.
viscosities showing the influence of viscous and inertial  The quality factors for type-ll and type-lll compres-
forces. This behavior was also observed when using a simpk&onal waves are shown in FigsaBand(b). Although they
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are not very sensitive to effective pressure, they show appre-
ciable variations in the whole saturation range. ©)

V. CONCLUSIONS, REMARKS, AND FUTURE WORK

We have investigated the effects of effective pressure
and fluid saturation on different static and dynamic proper-
ties of reservoir rocks. We have analyzed the behavior of a
hydrocarbon(oil-brine) transition zone in a well consoli-
dated sandstone, incorporating a realistic capillary pressure
curve. The computations include the estimation of bulk vol-
ume compressibilities, effective pressure, ultrasonic phase
velocities, and quality factors of the different wave modes,
under different fluid pressures and saturations. Our main re-
sults can be summarized as follows.

(1) The effective pressure versus saturation curve is almost
constant, showing an abrupt decrease near the maximum
admissible value of the nonwetting saturatiore., the
irreducible brine saturationSuch a decrease is reflected
in both the fast P- and S-wave velocities and quality

(high P, low P,,q), however, the differential pressure
of the wetting phase gives a good estimate of the effec-
tive pressure, extending a result valid also for single-
phase fluid saturated rocRs.

The behavior of the bulk compressibilities versus effec-
tive pressure are similar to those observed in fully satu-
rated rocks, and are controlled by the decrease of the
matrix compressibility with pressure. In particular, it
must be noted the magnitude of the new compressibility
Cpea, indicating the influence that capillary pressure
variations may have on bulk volume changes. This is
particularly important in the range of intermediate to
high nonwetting saturations, and for abnormally high
pore pressuredow effective pressures

Regarding the type-(fast P and S waves, our model
simulates the increase in velocities and quality factors
with effective pressure observed in laboratory experi-
ments. Consequently, these quantities can be good indi-
cators of abnormally high fluid pressures.

The behavior ofQ, and Qg for variable nonwettingoil)
saturation is, in general, coherent with observations
made in similar situationgsexcept at the residual brine
saturation, and was also verified using an isostress mix-
ture model for the fluids. Our results suggest that, unlike
the corresponding phase velocity, the shear wave quality
factor can be a good fluid indicator, particularly for nor-
mal (hydrostati¢ to intermediate pressure conditions.
The velocities and quality factors of the type-1l and type-
Il compressional waves are not very sensitive to pres-
sure variations, but show a strong dependence on satura-
tion.

The influence of capillary pressure on the acoustic prop-
erties of the different wave modes, was analyzed by
comparing our results with the simplified isostress
model—analogous to Biot's classical theory, in which
only type-l, type-ll P and S waves can propagate. We
observe that, except at the irreducible brine saturation
(where capillary pressure reaches its maximuitmere is
almost no difference between type-I P- and S-wave ve-
locities. For type-ll P waves, however, important differ-
ences can be observed. This seems reasonable since the
first two waves involve coupled solid—fluid motions,
while the latter is affected by the fluid mobility. Appre-
ciable differences are observed in the quality factors
given by the two models, indicating that the quality fac-
tors are more sensitive to capillary pressure than the
phase velocities. This suggests that quality factor analy-
sis can be used as a tool for discriminating full saturation
from two-phase or partial saturation.

factors. Unfortunately, nothing can be concluded fromVWe must point out some limitations of the model, since due
the available published data, since it requires detailedo the lack of data, we ignored the possible dependence of
information about the fluid pressure conditions duringframe moduli with capillary pressure, an effect that should be

the experiments.

carefully investigated. The same holds for the coefficients
For normal—hydrostatic—to intermediate wetting fluid Q. and Qy, which for simplicity were taken independent

pressures, the results obtained with classical formulas foof saturation. We also neglected the variations of petrophysi-

the effective pressurésuch as the differential pressure cal
law of Gangi—Carlsott), may differ substantially from

quantities such as porosity and permeability with effec-

tive pressure. Consequently, these results should be com-

our estimations. For highly overpressured reservoirpared to appropriate laboratory experiments or field data.
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Traction-free vibrations of finite trigonal elastic cylinders
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The unrestrained, traction-free vibrations of finite elastic cylinders with trigonal material symmetry
are studied using two approaches, based on the Ritz method, which formulate the weak form of the
equations of motion in cylindrical and rectangular coordinates. Elements of group theory are used
to divide approximation functions into orthogonal subsets, thus reducing the size of the
computational problem and classifying the general symmetries of the vibrational modes. Results for
the special case of an isotropic cylinder are presented and compared with values published by other
researchers. For the isotropic case, the relative accuracy of the formulations in cylindrical and
rectangular coordinates can be evaluated, because exact analytical solutions are known for the
torsional modes. The calculation in cylindrical coordinates is found to be more accurate for a given
number of terms in the series approximation functions. For a representative trigonal material,
langatate, calculations of the resonant frequencies and the sensitivity of the frequencies on each of
the elastic constants are presented. The dependence on gedragtrof length to diameteris

briefly explored. The special case of a transversely isotropic cyli(wdén the elastic stiffnes€,,4

equal to zerpis also considered. @003 Acoustical Society of America.

[DOI: 10.1121/1.15481599

PACS numbers: 43.20.Ks, 43.40.QANN ]

I. INTRODUCTION into orthogonal symmetrically similar sets of minimal size
(corresponding to the group-theoretical irreducible represen-
Studies of the free vibration of finite elastic cylinders tationg. Because of the relatively complicated symmetry
have been directed primarily toward those with isotropic matransformations of rectangular coordinates associated with
terial symmetry. Pochhamnfeand Chre&® developed exact the threefold crystal axis, there does not appear to be any
solutions to the equations of motion for isotropic cylinders ofyseful scheme for separating these approximating functions
infinite length with stress-free radial faces. Hutchif§6n into minimally sized sets. Thus, the matrices involved in
extensively studied the more complicated problem of a finitesolving the vibrational problem in rectangular coordinates
cylinder having all faces stress-free, solving the differentialare larger than they need to be, and the symmetries of the
equations of motion exactly with respect to three of the sixmodes are not fully characterized. For this reason, an alter-
boundary conditions and approximately with respect to theyate approach is pursued using cylindrical coordinates. This
remaining three. Visscher and co-workérSp and Leiss8, approach allows approximating functions to be separated
Heyliger, and Heyliger and Jilatf used the Ritz method to into minimally sized sets using group-theoretical projection
study the free vibration of isotropic and orthotropic cylinderspperators and, thus, provides a complete categorization of
of finite length, providing a number of useful results andthe symmetries of the resultant vibrational modes.
observations. One common application of the Ritz method is in the
~ In this study, this latter group of works involving the |east-squares determination of elastic constants from mea-
Ritz method is extended to.mclude cases whgre the material,red vibrational frequencies of crystéilse method of reso-
belongs to one of the higher-symmetry trigonal crystalnant yitrasound spectroscdpy With respect to this applica-
classesCs,, D3, or Dgq in the Schoenflies notation (8 jon, the cylindrical geometry has advantages over other
32, or 3n in the international notationThe problem is con-  geometries for trigonal crystals, and this provides much of
sidered in both rectangular and cylindrical coordinates. Thene motivation for pursuing the present work. In comparison
only past treatments of trigonal crystals using the Ritzyy parallelepipeds, the cylindrical geometry eliminates the
method are those of Ohret al,'* who considered specimens  ncertainty associated with alignment of a crystal axis per-
in the form of rectangular parallelepipeds, and MochiZdki, pendicular to the trigonal axifonly one axis needs to be
who considered spherical specimens. Our approach usingigned, instead of two thus reducing uncertainty in ex-
rectangular coordinates is similar to that of Ohno with re-yacted elastic constants. For very accurate measurements,
spect to the symmetries of the approximating functions thafhe faprication of specimens with tight dimensional toler-
are employed in the calculation. For the cylindrical geom-ances is more economical for cylinders than for spheres.
etry, this approach does not separate the vibrational modes |, gec. II, the weak formulation of the equations of mo-
tion is presented in both rectangular and cylindrical coordi-
dElectronic mail: wjohnson@boulder.nist.gov nates. Then, Ritz-type approximations for the three displace-
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ment components in the three independent coordinate At this point, the rectangular and cylindrical formula-
directions are introduced and grouped according to symmeions of the problem diverge. The variational equations in the
try to split the resulting eigenvalue problem. In Sec. lll, cal-two coordinate systems are presented in Secs. |l B1 and
culations are performed for the special case of an isotropiti B2. The Ritz approximation functions for the two formu-
cylinder and compared with those of So and Lefs3hen, lations and symmetry-based groupings of these functions are
the central problem of trigonal crystals is considered, usingresented in Sec. Il C.

langatate as an example. Representative frequencies and

modal plots are presented for specific geometries. The twd. Rectangular coordinates

formulations of the problem give nearly identical results, but  The general constitutive relatigiq. (3)) for the higher

t_here are important differences that are discussed. Calcul@ﬂgonm crystal classes can be expressed in rectangular Car-
tions are also performed for the special case of transvers@sian coordinates as

isotropy and compared with those for trigonal and isotropic _ .

symmetry. 1) 0 0. €
oy C12 C22 C23 C24 0 0 €
Il. THEORY o5 Cis Cps Ciz O 0 0 e
A. Geometry o Cuy Cpy 0 Cyu O O €|’
The object of interest here is a finite circular cylinder 05 0 0 0 0 Cg Csg €5
composed of elastic material with trigonal symmetry. The 06 ) 0 0 0 0 Co Cul €6
principal geometric directions of the cylinder align with . 56 66 ®)
those of the cylindrical coordinate system;€r, X,=106,
x3=2), and the three displacements associated with thes@here
directions are denoted ag=u,, u,=u,, anduz=u,. In an C=Cyy, (63)
alternate rectangular Cartesian coordinate system, the stan-
dard coordinatesxg=x, X,=Y, X3=2) are used along with C23=Cus, (6b)
the displacement componentsi;Euy, U,=uy,, and ug Core —C 6
. . . : . S == , C
=u,). The height of the cylinder in the axial directiaris H. 24 14 (69
The cylinder has radiuR, diameterD, and densityp and is Cs5=Cu4, (6d)
treated as a homogeneous material. The boundary conditions
Cs6=Cua, (6¢)

are such that all external faces of the cylinder are traction
free. Ces=32(C11—C1)) (6f)

(with six independent elastic constant¥he conventional
contracted notation o;=01,, 01=023, €1=€11, €4

The starting point for the variational formulation is =2e,5, C171;=Cy;, C1105=C14, €tc) is used here, and the
Hamilton’s principle for a linear elastic medium free of body 1, 2, and 3 directions are, ¥, andz.

B. Variational formulation

forces, expressed 4s Hamilton’s principle in the contracted notation becomes
t 1 .. t _ t
5j dtf _Pujuj_UO dV+J’ dt tkﬁukd8=0, (1) OZ_J f {0’1561+(725€2+0'35E3
tg Jvl2 tg Js oJv
wheret is time,V andSare the volume and surface occupied + 0,8€,+ 05bes+ ogdeg)dV dt
by and bounding the solidy, are the components of the L
.p . . . t
specified surface tractloné,ls the_ vgrlatlo.nal operator, apd " _5J J p(U)2<+U2+U§)dV dt @
the overdot represents differentiation with respect to time. 2 Jolv y

represents the strain ener nsity and is given . I
Uo represents the strain energy density and is given by For the problem of unrestrained free vibration, there are no

Uo=3Cijui €j €x= %ajm?”?m. (2)  applied external loads and each face of the solid is assumed

As usual, summations over repeated indices are implicit. Thzta0 be stress free. Hence, the surface integral i(Bqs zero

components of the elastic stiffness tensor are denot€xgs In this case. The strain—displacement relations are

for the rectangular coordinate system &g, for the cylin- B _% 8
drical coordinate system. Similarly;; and¢;; are the strain 1T T (8
components in the rectangular and cylindrical systems, re-
spectively. The relationship between stressand strain in €0 €0 ﬂ 8b)
rectangular coordinates is 2T gy

i =Ciix €kl 3 au

b . . . - . €3= €3=—, (80

and the corresponding relationship in cylindrical coordinates 9z
IS pe My, U -

J— — —_— 6 = E = — —'

0ij = Cijki €k - (4) 4 B9z gy
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du,  du, Invoking time dependence of the displacement fields consis-

€5=2€13=—+ -, (88  tent with periodic motion and substituting the strain—
displacement relationfEq. (8)] and the stress—strain rela-
au au ; ;
66:2612:(?_)()'+ (9_yx 8f) tions[Eq. (5)] into Eq.(7) lead to

duy
oX

&5uy
ay

0 f c aux+c auy+c auZ+C auy | au,
=l M 25y 137, Tz Ty

au auy au ( duy auz)

X z
—— +Cpy—+Cogy—+ —+—
1755 Caz ay Cas 97 Cas gz " ay

+lc auX+C auy+c au, a5u2+c auy+(9uz a&uy+ab‘uz +le 0ux+<9uz L (9ux+auy
Box " 7289y T8z oz MWoaz ooy )\ oz ay % gz " ax %l gy " ax

dou Jdéu au Jduy\ [ déu Jéu
T red e el R

—_— _ 2
Jz X ay + ax |\ ay X ) pw (uxﬁux+uy5uy+u25uz)]dv. 9

There are an infinite number of solutions to this weakwhere a;; represents the elements of the direction cosines
form of the equations of motion, each with a unique dis-between the primectylindrical) and unprimedrectangular
placement functiom and a frequencyw that may be unique system. However, it is somewhat easier to use the Bond
or may match that of one other mode. To determine approximatrix*® [B] to perform the transformation:
mate solutions, a general series form of the displacement
components must be assumed. This step is discussed in the —

— T
following for rectangular and cylindrical coordinates, after [CI=[BI[CIB], (12
first deriving the weak form of the equations of motion in
cylindrical coordinates. where
2. Cylindrical coordinates coL 9 sie 0 0 0 sin®
The strain—displacement relations in cylindrical coordi- Sirt 0 co26d 0 0 0 —sin26
nates ar€
0 0 1 0 0 0
— Ju Bl= .
elzer’za_rr’ (109 [B] 0 0 0 cos? —sind 0
0 0 0 sind coséH 0
_ 1du u
2= o=~ o7+~ (10 —1isin29 isn20 0 0 0  cos®
r (90 r - '(13)
—
€37 €227 570 (109 0 is the angular position of the point being considered in the
cylinder. From this transformation, ti&; in terms of theC;;
€,=2€ _Ms + 194, (109  are given by
AT 57 T 90
_ ﬁuz aur 614: 656: C14 COS 36 (148)
= =4 — y
€5=2¢€, o o (108
— 1 c?Ur 8u0 0 615: 625: 646: C14 sin 30, (14b)
66—26}0—? %‘l‘ a—r—r (10f)
The constitutive equations must be written in terms of 6242 _614_ (140

the stress and strain components in thed(z) coordinates,
and this involves transforming the components of the elasti . . o .
stiffness tensor such that they form the link between th _ote that these stiffnesses vary with position in the cylinder,

stress and strain in the cylindrical system, as represented Fﬂncte[B] ]Ls a futchon of¢. The otherC;; are unchanged by
Eqg. (4). This can be accomplished by using the standarc] € transtormation.

transformation relations between fourth-order tensors: . T_he flnal matrix relat_lonshlp between stress anql strain
_ in cylindrical coordinates in terms of the rotated elastic stiff-
Cijkl = aipajqakra|scpqrs, (11) nesses is
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_ Ciu Cpp Ci3 Cy C5 O

g1 Orr - = €rr

— C C C C C 0

12 Too 12 22 23 24 25 €y

ol Jom| |CsCacs 0 0 of] s
24 Oz C14 C24 0 C44 0 C Yoz

Os Orz ~ Yrz

— C C 0 0 C C

o6 Oro 15 25 - _55 56 Yo

| 0 0 Cu Cs6 Cos

The insertion of the strain—displacement and stress—strain relqfoss(10) and(15)] into Hamilton’s principle yields
the final variational form in terms of the elastic stiffnesses, density, geometry, and displacement components:

au, 1¢9u9 u, du, — [duy 1du,\ — [du, du,\|ddu, au, 1duy u,
fV”C“7+C T ) +Ciggy + CH( az+?ﬁ) 5(7*5) o T|Crzgp TC2 (r 90T )
el al s g et e
[t o 2 e o 22
ot czs(:?; el e S g S e S 25

+C % @ 1(9ur %—% 1(95ur+(95u€ 5u0 2(u,; 8u, +Uuydu,+u,éu,) (rdrdedz=0.
|l o oz r oo r)i\r o6 ar r | P? 07" z
(16)
|
As with the weak formulation in rectangular coordi- [ [M1Y]  [0] [0] (a}
nates, it is this equation for which approximate solutions ar [0] [M?2] [0] (b}
sought forw, u,, uy, andu,. This is discussed in Sec. Il C. s q
(0] [o] [m¥]{d}
| o (KM (K™ [K®1] (1a)) ({0}
C. Ritz approximations i [K21] [Kzz] [Kzz] (ot} ={ {0} (19)
In the Ritz method, the three displacements are approxi- (K3 [K33 [k3¥] ({d} {0}
mated by finite linear combinations of the form
where
Uy(Xy Xz, X9) = 2, 3P (Xq,Xp,Xa), (17a
1(A1,X2,X3 = jEjAALA2:23 Miljl:f pq;ilq;jld\/, (203
\%
Us(Xq,X0,X3) = 2y B:W2(Xq,X0,X3), (17b)
2(X1,%X2,X3 “ j ¥R, R2,X3 Miz}zzf p‘I’iZ‘PjZdV, (20b)
\%
— 3
U3(X11X27X3)—2 dj Wi (X1,%2,X3), (179 33 3.3
\%

where thea;, b;, andd; are unknown constants and . o _
are known functions of the spatial coordinates used in the ~ General expressions for the coefficient matrik€s' are
specific formulation. The corresponding approximations fordiven in Appendix A for rectangular and cylindrical coordi-

the variations arg nates, without restrictions on the specimen geometry or form
of the approximation functions. The matrices in rectangular
S8U1(X1,Xp,X3) = W(X1,X2,X3), (183  coordinates reduce to those presented by other authors for
2 specific forms of the approximation functions. The matrices
OUa(X1,X2,X3) = Wi (X1,X2,X3), (18b) presented for cylindrical coordinates include, for the first
_ 3 time, the explicit dependence @hand, therefore, are appli-
OU3(X1.: X Xg) =T (X1, X2, Xs). (189 cable to basis functions having any form @tiependence.
Substitution of Eqs(17) and (18) into the weak forms In the following, the approximation functions used in
given in Eq.(9) or (16) yields the matrix equation: rectangular and cylindrical coordinates are presented. In both
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cases, the resulting terms are evaluated using a combinatiJﬁBLE I Pafities of indices of approximation functions ir_l rectangular Car-
of exact and numerical integration, and the resulting eigent_esmn coordinatefEq. (21)] separated into subsets having the symmetry
value problem is solved using the &Falgorithm properties of the irreducible representationgf, . E=even.O=odd.

The eigenvalue problem, Eq19), generally can be Subset Component i i+k
block-diagonalized, if the approximation functions are y o c
grouped into appropriately symmetrized orthogonal sets. 9 o E o
This accomplishes at least two useful tasks. First, it reduces ui E 0
the size of the computational problem, yielding identical A, Uy E E
results with only a fraction of the computational cost. Sec- uy o 0
ond, it allows consideration and study of the different types Y, o o
of vibrational modes based on their general symmetry 9 EX (E) g
properties. u, o E

The grouping of the approximation functions into or- B, Uy o} o)
thogonal sets is dependent on the geometry and crystal sym- uy E E
metry. In this study, the focus is on the trigonal crystals Uz E E

classesC;,, D3, and D3q. The macroscopic cylindrical
shape maintains all the symmetry operations of a trigonal
crystal when the threefold axis is oriented along the cylindeproximation functions into four orthogonal subsets corre-
axis. Therefore, the total symmetry of the speciniieslud-  sponding to the irreducible representations of group theory.
ing both shape and crystal structpigthe same as that of the This analysis began by identifying the effective symmetry of
crystal. the specimen a€,, (2/m, monoclinig. Their division of
Inversion symmetry is not included in th@s, or D3 approximating functions is valid for any specimen possess-
crystal classes. However, linear elastic vibrations are insefng the symmetry operations @,,,, including the cylindri-
sitive to a lack of inversion, so that the effective symmetrycal D,, specimens considered hemehich possess additional
for linear vibrational problems does include inversion, andsymmetry operatiorjsm our treatment OD3d Cy|inders in
Cs, and D3 become equivalent t® 4. Therefore, the fol-  rectangular coordinates, approximating functions with the
IOWing discussion refers only D3q. The fact that inversion same genera| symmetry properties as those of @hmb. are
always can be included in the effective set of symmetry opemployed, but with different specific functional forfthe
erations is seen by considering that, in Hamilton's principlepower-series form of Eq(21), instead of Legendre polyno-
[Eq. (D], the symmetry of the crystal enters only through themials]. The scheme for dividing these functions into subsets
general form of the elastic constant matrix. It is easy to shows shown in Table I. The subset labéls, B,, A,, andB,
that the elastic-constant matrix for any crystal is unchangedorrespond to the those of Ohmo al. and follow the con-
by inversion regardless of whether the crystal has inversiojentional group-theoretical designation of the irreducible
symmetry.(See Ref. 15, Vol. I, Chap 7.B, for a description of representations o ,;,. The subscripts §” and “ u” indicate
matrix operations corresponding to crystal-symmetry transthat the corresponding approximating functions are even
formations) (gerade or odd (ungerad¢ under inversion. In Table |, the
column labeled {” indicates whether this index in the ap-
proximating functiongEq. (21)] is even(E) or odd(O). The
column labeled §+k” indicates whether the sum of these
Visscher and co-workefsdeveloped a powerful ap- indices in Eq.(21) is even or odd.
proach for the general solution of the weak form of nontrigo- ~ The scheme presented in Table | does not divide the
nal material systems formulated in rectangular Cartesian cPproximating functions into minimally sized subsets corre-
ordinates. For each of the three displacement componentsponding to the irreducible representationsDaf;, because

1. Rectangular coordinates

the following class of basis functions was selected: it does not consider differences in the way the functions
transform under the threefold rotations®f, (see Appendix
P(x,y,x)=xylz¥ (21)  B). The difficulty in dividing the functions into subsets arises
from the fact that the threefold rotations transform both the
wherei, j, and k are integers. The primary advantage of positions and the directions of the displacement vectors, so

casting the problem in this form is that the integrals requiredhat the conditions on the power-series indices imposed by
by the weak form are simple to evaluate analytically. For asymmetry involve cross terms that are very complicated.
cylindrical specimen, the volume integrals that arise fromThis limitation is overcome by formulating the problem in
inserting Eq.(21) into Eq. (9) have the form cylindrical coordinates.

o H\ L (i—DrG-—nn
iviZKd /= _ j+k+2
J vy 4“(2) A= . |
22) 2. Cylindrical coordinates

The approximation functions employed for cylindrical
When formulating the problem for a rectangular paral-coordinates incorporate power series jifrourier series ird,
lelepiped of a trigonal crystal, Ohnet al! separated ap- and power series im
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TABLE |lI. Parities of indices of approximation functions in cylindrical
u,(r,0,z)= 2 aﬁaﬁr “cogn e)zﬁ coordinate$Eq. (23)] separated into subsets having the symmetry properties
nap of the irreducible representations D, . E=even.O=odd. The values of
and m are additionally restricted to multiples of 3 for the nondegenerate
irreducible representationsA(, ,A,, A1, ,A,,) and are restricted to inte-
+ mEKy amer sin(mé)z”, (239 gers that are not multiples of93 fo?’ the doubly degenerate irreducible repre-
o sentations 4 andE,).

Subset Component n m
Uy(r,0,2)= >, b, 4r<cogne)z? P p ’
n,a,B A u, E E o) 0
u, o} o) E E
H b% u, E (0] (@] E
+ 2 by, < sin(me)z?, (23b) Ay 0 5 o 0 c
Uy E E o 0
u, o} E E 0
Ar,0,z ds. s “cogn)z? = Ur o o E E
)= 2 nap <no) Uy E E o o
u, o} E E 0
. Aqy u, o E E 0
+ 2 deyr sin(me)z?, (230 Uy E o o E
ey u, 0 0 E E
. . . . Aoy U, E (0] (0] E
where the summatlon for each index is over non-negative Uy o E E o
integers, andy,,z, @, s Phags Dy s d;aﬁ, anddy,,, are u, E E o o
constants to be determined from the Ritz analysis. For terms E, u, E o o] E
c s c u 0 E E o
with =0, the constantanaﬁ, m”, bnaﬁ, bm”, dnaﬁ, u: 0 c 5 o

andd;,, , must generally be zero to avoid singular strains at

the orlgln However, functions of the forzf cosé (n=1,«

=0) andz” cosfd(m=1,«=0) are not singular at the origin,

since they represent rigid-body motion of the cylinder andin eachEy pair has the parities of all the indices reversed

result in zero strain. These terms must be included in theelative to those listed fdgg in Table 1. The same is true for

analysis to ensure convergence of this type of series and fo, modes.

represent the rigid-body modes of the cylinder. So and The coefficients in the series expansions for the dis-

Leiss& discuss this subject for the case of isotropic cylin-placement patterns of two degenerate modes belongikg to

ders. or E, are related. If one mode in a degenerate pair has the
Simultaneously considering the complete range of indiarities given in Table Il and has a radial component given

ces overr, 6, andzwould give the entire frequency spectrum by Eq.(23a), then the radial component of the second func-

of the cylinder. However, the goal is again to split the physi-tion in this pair is given b

cal and mathematical problem into a collection of smaller

problems. In group-theoretical terminology, the subsets of '(r,6,2) 2 §ana/3r sin(ng)z*

functions presented in Table | for the vibrational problem in

rectangular coordinates provide bases for reducible represen-

tations of the point grouP 4. However, as indicated by the + > na5,I < cOgMo)2”, (24)

term “reducible,” these subsets are not of minimal si2gq m,x

has six irreducible representations with the conventional

designation¥’ Ay, Ay, Eq, A1y, Ay, andE,. The rela-

tion of these irreducible representatlons to those presente

where thea;, and as _ are the coefficients of the first

antlon and

Mmky

earlier forC,, |_s described in Appendlx_ BAyg, Azg, Al_u, > o ~1 if n=1+3h

and A,, are singly degenerate. That is, barring accidental — ¢=— — sin(—) :{ ) (253
degeneraciequnrelated to general symmetry properties \/§ 3 1 if n=2+3h,

each vibrational mode belonging to any of these irreducible .

representations has a unique frequertgyandE, are each 2 [2mm) [1 if m=1+3k 25
doubly degenerate. n= ﬁ SN =377 1 i m=2+ 3k, (25D

The set of cylindrical-coordinate approximating func-
tions[Eq. (23)] can be separated into subsets correspondingvhereh andk are integers. The transformations of theand
to the six irreducible representations Dfq using group- u, components from the first function to the second function
theoretical projection operators. This technique, which ishave the same form.
fairly straightforward but laborious, is described in a separate  The volume integrals that appear in Ed.6) can be
paper'® The results of the symmetry analysis are restrictionsevaluated analytically with approximation functions having
on the indices of th& andz dependence ai, , u,, andu,, the form of Eq.(23). The integrations in powers afand z
which are listed in Table Il. There are no restrictions on theare straightforward, but those over the sine and cosine func-
powers ofr [« and« in Eq. (23)]. ForE,4, only one mode of tions are less so when one considers that these functions
each degenerate pair is included in Table Il. The other modenust be multiplied by the rotated elastic stiffnesses, which
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are themselves functions & However, these integrals re-

So and Leisshassert that the displacement field of a

duce to simple formulas when evaluated over the domain ofesonant mode of an isotropic cylinder involves only a single

the cylinder:

27—
f C,4cosnécosmodé
0

~

if m+n=3 and|m—n|=3

if m+n=3 and|m-n|=1

=Cyy (269

if m+n#3 and|m-n|=3

© N3 N3 3

otherwise,

e

27—
f Cysinnfsinmodo
0

7 if m+n=3 and|m—-n|=1

=Cy4 (26b

z if m+n#3 and|m-n|=3
0 otherwise,

27—
f C48inndcosmbdo=0, (260
0

27—

f Cissinnfcosmhdeo

0

if m=0 andn=3

if m+n=3 and|m—-n|=1

if Nn—m=3

(260

T STIE R

) if m—n=3

0 otherwise,

27—
f Cyssinnfsinmpdo=0, (26€
0

27—
f C,scosnf cosmfdo=0. (26f)
0

Ill. RESULTS

A. Isotropic cylinders

azimuthal wave number. In other words, the summations
overn andm are eliminated in approximation functions hav-
ing the form of Eq(23), leaving only a single value of. For
n>0, all modes are twofold degenerate, with displacement
fields of each pair of modes having the form

uy(r,8,2)=U(r,z)cogné)f + V(r,z)sin(n o)

+W(r,z)cogné)z, (279
uz(r,a,z)zU(r,z)sin(nﬁ)?+V(r,z)coSn0)b
+W(r,z)sin(n6)z, (270

with the samdJ(r,z), V(r,z), andW(r,z) for both modes.
For n=0, the modes are singly degenerate, with either
U(r,z)=W(r,z)=0 (torsional modesor V(r,z)=0 (axi-
symmetric modes since sinfé) terms are zero.

The general form of Eq27) can also be deduced rela-
tively easily from group theorystarting from the approxi-
mation functions given in Eq23)], but this is not pursued
here. The symmetry operations of an isotropic cylinder be-
long to the Lie grouD..,, which has an infinite number of
rotation operations about theaxis (since rotation by any
angle about the cylinder axis leaves the object unchanged
and a correspondingly infinite number of irreducible repre-
sentations. Functions of the form of Eg7) having different
values ofn belong to different irreducible representations.
For n>0, these irreducible representations are convention-
ally labeledE,q and E,, (with g and u again denoting the
symmetry under inversiort’ For n=0, there are four irre-
ducible representation®;y, Ayq, Az, andA,,, which
correspond to the irreducible representations that have the
same labels in the trigonal groups, .’

Because approximation functions with different values
of n belong to different group-theoretical irreducible repre-
sentations, the determination of resonant frequencies and dis-
placements using the Ritz method can be pursued using sub-
sets differentiated by their values f When these functions
are substituted into the weak form of the equations of motion
for isotropic cylinders, the sine and cosine functions cancel,
leaving equations with only radial and axial variables and
as a parameter. For each valuemfthere are a number of
modes with different dependences on the radial and axial
coordinates and generally different frequencies.

In addition to the value oh, So and Leissa used the
reflection symmetry across tlee=0 plane to separate their
approximation functions into subsefsorresponding to the

For the special case of homogeneous isotropic cylinderssharacter of the operatd€ .. in the character table fdd., ,

the material symmetry allows for a separation of the approxias presented by Cornwdl). After performing the calcula-
mating functions that simplifies the analysis. Although thistions, they also characterized the singly degenerate modes
problem is not of central interest here, it is considered to tesaccording to the reflection symmetry across a plane that in-
the accuracy of the approach and demonstrate the differenetudes the cylinder axiscorresponding to the character of
between the two formulations. So and Lefssaveloped a the operatoriC,q in the character table Modes that are
highly accurate model that is a special case of our approactinchanged by this reflection are axisymmetric, and those that
and applied it to comprehensively study the behavior of isoare reversed in sign are torsional. The parity of reflection
tropic disks. Their results serve as a basis for comparison. across these two planes, along with the values, serve to
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completely characterize the symmetries of the modes of asidered in Table Ill(with H/R=1), the lowest values ob
isotropic cylinder(dividing them into irreducible representa- for the torsional modes are 3.1416, 5.1356, 6.0203, and
tions). 6.2832, in agreement with both sets of calculated values in
So and Leissa studied several cases of isotropic cylinthe table.
ders with various dimensions and values of the Poisson ratio, The relative accuracy of the two approaches is shown in
providing numerous results for comparison. They claim anTables IV and V, where the first four torsional modes are
accuracy of four digits for values of the dimensionless fre-computed from the two formulations with various numbers
quencyw, which is defined to b@Ryp/G, whereG is the  of terms in the approximation functions. In the case of iso-
shear modulus. tropic symmetry, the four original subsets used in the analy-
Table Il shows the dimensionless frequencies of thesis in rectangular coordinates reduce to eight smaller subsets.
first 50 modes of a cylinder witli/D=0.5 and a Poisson The size of the eigenvalue problem still depends on the sum
ratio v of 0.3 calculated using our formulations in cylindrical of the indices +j + k. For example, when this sum is 5, the
and rectangular coordinatédimensionless frequencies,  two modal subsets containing the torsional modes lead to 12
and w,, respectively. For the calculation in cylindrical co- and 24 approximation functions. When the sum is 6, there
ordinates, six terms in both the radial and axial coordinatesre 30 and 24 term6.e., one of the subsets does not gain
and two terms in the angular coordinate have been employeahy additional termjs This continues up through+ j +k
in the approximation functions of Eq23). These results =7 (30 and 50 termsandi+j+k=8 (60 and 50 terms
exactly match those of So and Leissa. This agreement is nétor the cylindrical formulation, the circumferential modes
surprising, since our model contains the approximations ofre orthogonal, and the problem effectively becomes two-
Eq. (27) as a special case. For the calculation in rectanguladimensional in terms of power seriesrimndz. Using equal
coordinates, the approximation functiofsg. (21)] include  numbers of terms im andz in the approximation leads to a
all terms with indices up to and includirig- j + k= 10. total of 4 terms(2x2), 9 terms(3%x3), and so on. It is clear
The column labeled “mirror symmetry” in Table Ill from the results shown in Tables IV and V that the cylindri-
gives the symmetry of reflection across tte0 plane[sym-  cal formulation provides better accuracy for a given number
metric (S or antisymmetric(A)]. The second entry in this of terms in the approximation.
cplumn (only appearing for the singly dege'nerate mOQes B. Trigonal cylinders
gives the symmetry across a plane containing the cylinder
axis (with SandA, in this case, corresponding to axisymmet- The primary problem of interest is a finite cylinder with
ric and torsional modes, respectively trigonal material symmetry. A representative cylinder is con-
For each frequency, the column labeleB 3y subset” sidered with its geometry defined By=6.880 mm andD
shows the label of the corresponding subset that was ent5.495 mm. The density is 6.12 g/énand the six indepen-
ployed in the calculation in cylindrical coordinates, follow- dent  elastic constants areC;;=186.58 GPa, Cg;
ing the restrictions on the indices listed in Table II. Similarly, =263.00 GPa, C13=99.04 GPa, C,,=104.72GPa, Cy,
the column labeled €,,” shows the subsets used for the =13.40 GPa, an€,,=50.77 GPa. These constants are cho-
calculation in rectangular coordinates, following the restric-sen to simulate the elastic properties of a material such as
tions on indices listed in Table I. The irreducible representalangataté’ (La;Gas sTay 014), With the relatively small ef-
tions of the actual symmetry group of the isotropic cylinder,fects of piezoelectric and dielectric coupling on the vibra-
D..,,, are listed in the column labeled.,, subset.” These tional frequencies neglected.
subsets were not employed in the calculations. They corre-  For the results presented in this section, each approxi-
spond to the classifications presented by So and Lé¢sssa  mation function for displacement-field components in cylin-
ond and third columns drical coordinates includes 6 radial terms, 6 axial terms, and
The agreement between our results for the frequencies i circumferential terms. Inclusion of terms beyond this point
cylindrical and rectangular coordinates{andw, , respec- has very little effect on most frequencies and leads to ill-
tively) is good, with the cylindrical formulation yielding conditioning of the eigenvalue problem. For the calculation
slightly lower frequencies for the higher modes. Since thgn rectangular coordinates, indices upitej+k=10 are in-
Ritz method converges to frequencies from above, these difluded.
ferences in values suggest higher accuracy for the calculation ~The frequencies of this cylinder computed from the rect-
in cylindrical coordinates. Exact analytical solutions areangular and cylindrical formulations are shown in Table VI.
known for the torsional modes listed in Table (thodes 12, The entries in the last six columns give the relative change in
42, 56, and 6% The dispersion relation for these modeS is the frequency arising from a change in each of @e. For
each row, these entries are scaled such that the sum of the
—2_ .2 2 . . . . —
0 =n"+({R)*, (28)  derivatives is equal to 1. There are six modes \iith O that
are not shown in Table VI. These frequencies correspond to
rigid-body displacement or rotation with zero strain. For ex-
ample, in rectangular coordinates, approximation functions
with (u,=constant, u,=0, u,=0) or (u,=z, u,=0, u,
=—X) are two such combinations. In cylindrical coordi-
nates, the rigid-body modes include two frequencies each
from subsetsE,, andEy, one fromA,y, corresponding to a
rotation about the axis, and one fronA,,, corresponding

where( is the wave number along tleaxis, and» can have
the values 0, 5.13562, 8.417 24(roots of the Bessel func-
tion J,). The modes withp=0 have undistorted cross sec-
tions (uniform twisting that varies wittg), and those with
higher values ofy have angular displacements that vary with
both r and, generallyz. { is an integral multiple ofm/H
(greater than or equal to).OTherefore, for the cylinder con-
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TABLE Ill. Dimensionless frequenciesR\/p/G, for an isotropic cylinder wittH/D=0.5 andr=0.3. Cylin-

drical formulation:w, and D34 subset. Rectangular formulatiow; and C,;, subset. The entries in the third
column indicate the symmetr{s=symmetric,A=antisymmetri¢ with respect to reflections; the first entry is

for reflection acrosg=0, and the second entry, where it appears, is for reflection across a plane containing the

cylinder axis.

Mode n Mirror symmetry D, subset  Dj4 subset W, C,}, subset w,

1,2 2 A = E, 1591 A, B, 1.591
34 2 S Ezg Eq 2345 Ay, By 2.345
5 0 A'S As As 2402 B, 2.402
6,7 1 S Eqy E, 2705 A, B, 2.705
8,9 3 A Esq Aig, Ay 2.805 Ay, By 2.806
10,11 1 A Eiq Eq 3.088 Ay, By 3.088
12 0 A A Auy A 3142 A, 3.142
13 0 SS Aqg Agg 3.238 Ag 3.238
14,15 3 S Eay A, Ay 3591 A, B, 3.591
16,17 4 A = E, 3.945 A, B, 3.946
18,19 2 S Ezq Eq 3.966 Ay, By 3.966
20,21 2 A = E, 4040 Ay, B, 4,040
22,23 1 A = = 4053 Ay, By 4.053
24,25 1 S Eqy E, 4595 Ay, B, 4,595
26,27 1 A Eig Eq 4595 Ay, By 4.598
28,29 3 S Ea, Ay Asy 4612 A, By 4.612
30,31 4 S Eug = 4640 Ay, By 4.640
32 0 SS A Agg 4.643 Ag 4.643
33 0 A'S A, Asy 4677 B, 4.678
34,35 1 S = E, 4836 A, B, 4.836
36,37 2 S Exg Eq 4867 A4, By 4.867
38,39 3 A Egq Aig, Ay 4962 Ay, By 4.966
40,41 5 A Esg = 5030 A, By 5.046
42 0 S A Ay Agg 5136 By 5.136
43,44 4 S Eag Eq 5230 Ay, By 5.231
45,46 2 A = E, 5243 A, B, 5.243
47,48 5 S = E, 5571 A, B, 5.572
49 0 Ss Ay Asg 5617 A, 5.618
50,51 2 S Ezg Eq 5.623 Ay, By 5.625
52,53 2 A = E, 5850 A, B, 5.858
54,55 4 A = E, 5850 A, B, 5.875
56 0 A A A A 6.020 A, 6.020
57,58 5 S Es, E, 6.034 A, B, 6.035
59,60 3 S Es, Ay Aoy 6.045 Ay, B, 6.046
61,62 6 A Eeu A, Ay 6.072 A, B, 6.104
63 0 A'S Ay, Asy 6.145 B, 6.156
64 0 S A Asg Agg 6.283 By 6.283

to a translation along theaxis. Also shown in Table VI are in 10* for the lower frequencigsand complement one an-

the modal subsets associated with each of the formulationsther. The rectangular formulation provides a more natural
The results for the two formulations shown in Table VI perspective from which to consider the dependence of the

are in good agreemefwith differences less than a few parts frequencies on the individual elastic constants, sinceChe

TABLE IV. Dimensionless frequencigs, (= wR+p/G) for an isotropic cyl- ~ TABLE V. Dimensionless frequencigs,(= wR+p/G) for an isotropic cyl-
inder with H/D=0.5 andv=0.3 computed in the rectangular formulation inder withH/D=0.5 andv=0.3 computed in the cylindrical formulation for
for the first four torsional modes as a function of total number of terms inthe first four torsional modes as a function of total number of terms in the
the approximation. approximation.

Number of terms Mode 1 Mode 2 Mode 3 Mode 4 Number of terms Mode 1 Mode 2 Mode 3 Mode 4

12 3.1425 7.7460 4 3.1425 6.1237 6.8830 7.7456
24 5.2008 6.3059 9 3.1416 5.2003 6.0756 6.3059
30 3.1416 6.1137 16 3.1416 5.1466 6.0297 6.2833
50 5.1368 6.2833 25 3.1416 5.1360 6.0206 6.2832
60 3.1416 6.0232 36 3.1416 5.1356 6.0203 6.2832

Exact 3.1416 5.1356 6.0203 6.2832 Exact 3.1416 5.1356 6.0203 6.2832
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TABLE VI. Frequencies and the relative dependence of the frequencies o@;thef a cylinder with theC;; and p representative of langatatél
=6.880 mm.D =5.495 mm. Cylindrical formulationw, andD 34 subset. Rectangular formulatiom; andC,;, subset.

Mode  w./(27) (MHz)  Dg4subset o,/(27) (MHz)  C,, subset dw/dCy;  Jdwl/dCzz  dwldCiz  dwldCi,  JwldCiy  dwldCyy

1 0.1994 Ay 0.1994 A, 0.25 0.00 000 -014  —0.20 1.09
2,3 0.2744 E. 0.2744 A, B, 0.86 0.54 -029  -037  -020 0.46
45 0.2918 E, 0.2918 Ag, By 1.18 0.03 -001 066  —0.36 0.81
6,7 0.3139 E, 0.3139 A, B, 1.39 0.32 017  -072  —0.04 0.22
8,9 0.3554 Eq 0.3554 Ay, By 1.61 0.28 -017  -083  -0.09 0.20
10 0.3844 Asg 0.3844 Aq 0.42 1.27 —0.89 0.21 0.00 0.00
11,12 0.3901 E, 0.3900 Ag, By 1.27 0.29 -014  —0.66 0.07 0.18
13,14 0.3923 E, 0.3922 A, B, 1.97 0.06 -008  -101  -030 0.36
15 0.3933 Agg 0.3933 B, 0.45 0.01 000 -025  —0.25 1.05
16,17 0.4494 E, 0.4493 Ag, By 1.72 0.12 -014  -082  -0.15 0.27
18 0.4653 Ay 0.4653 B, 1.54 0.07 010  -072  -034 0.55
19,20 0.4808 E. 0.4808 A, B, 1.12 0.21 -008  -058  —0.11 0.44
21 0.4827 Asg 0.4827 A 1.81 0.15 -010  -095  -0.20 0.30
22 0.4956 Azg 0.4956 B, 1.62 0.07 -005 -088  -013 0.37
23 0.5041 A 0.5041 A, 1.84 0.22 -015  -097  -0.20 0.25
24 0.5147 A, 0.5147 B, 1.75 0.31 -021 086  -0.12 0.13
25,26 0.5274 E. 0.5274 A,, B, 0.39 0.43 -028  -008  —002 0.56
27 0.5397 Ag 0.5398 A 0.80 0.54 -0.52 0.10 0.01 0.08
28,29 0.5453 E, 0.5458 Ag, By 0.25 0.28 -015  -0.06  -0.08 0.77
30 0.5468 A, 0.5467 A, 2.14 0.05 -001  -120  -0.01 0.02
31 0.5523 Ay 0.5523 B, 1.22 0.45 062  —0.06 0.00 0.01
32,33 0.5735 E. 0.5734 A, B, 1.23 0.12 -010  -060  —0.11 0.45
34 0.5928 A 0.5928 B, 0.89 0.54 -048  —0.13 0.05 0.13
35 0.6043 Asg 0.6043 B, 1.64 0.09 -002  -091  -017 0.38
36 0.6049 A 0.6051 A, 0.32 0.11 -007 -015  -0.15 0.94
37 0.6077 Asg 0.6079 A 1.32 0.28 -017  -062  -0.12 0.31
38,39 0.6117 E, 0.6120 Ay, B, 131 0.14 013  -062  -0.15 0.46
40,41 0.6144 E. 0.6146 A, B, 0.85 0.26 -019  -034  -004 0.47
42,43 0.6381 E, 0.6384 Ag, By 1.54 0.10 -004  -081  -027 0.48
44,45 0.6505 E. 0.6482 A, B, 1.77 0.09 -007  —-095  -0.19 0.35
46,47 0.6644 E, 0.6636 Ay, B, 1.73 0.14 -012  -089  —0.11 0.25
48 0.6724 Asg 0.6726 A 0.74 0.30 -0.29 0.06  —0.03 0.22
49 0.6777 Azg 0.6789 B, 1.71 0.15 -008  —-092  -0.29 0.44
50,51 0.6791 E, 0.6792 A, B, 1.43 0.09 -010  -070  -0.12 0.39
52 0.6921 A, 0.6923 A, 1.56 0.13 -009 082  -026 0.48
53,54 0.6942 E, 0.6937 Ag, By 1.86 0.09 -004  -101  -0.09 0.19
55,56 0.7162 E, 0.7172 Ay, By 0.83 0.34 -033  -022  -008 0.45
57,58 0.7235 E. 0.7233 A, 0.75 0.29 -019  -028  -0.08 0.51
59 0.7243 Ay 0.7253 B, 0.89 0.27 -022  -033  -0.09 0.47
60,61 0.7383 E, 0.7395 Ay, By 1.39 0.22 016  -066  —0.13 0.33
62 0.7470 Ag 0.7487 A 0.69 0.15 -010  -021  -0.05 0.52
63,64 0.7710 E. 0.7705 A, B, 1.24 0.14 -005 066  —0.02 0.35
65 0.7757 A, 0.7771 B, 0.51 0.28 -026  —0.03 0.06 0.45
66 0.7764 Ay 0.7779 A, 1.66 0.11 -004  —092  -018 0.37
67,68 0.7826 E, 0.7842 B, 1.07 0.27 -021 044  -012 0.43

are given in this coordinate system. The cylindrical formula-Hardy?* when extending Hutchinson’s method for trans-
tion provides greater accuracy and allows more insight to b&ersely isotropic cylinders. The effects of this assumption are
gained into the characteristics of the modal deformationsinvestigated by computing the frequencieg(2), that re-
The displacement patterns for the lowest modes of each Cgu“ from such an approach for the present geometry and

the sixD3q4 subsets are shown in Fig. 1. material. The results are shown in Table VII, where the
grouping nomenclature of the rectangular formulati@3y)
C. Transversely isotropic cylinders is employed. The frequencies are significantly different from

An approach that is sometimes taken wi@y is small the corresponding trigonal case. Several general observations
is to model the material as being transversely isotrgpax- ~ can be made. First, the first seven modes obtained by the
agonal, with five independent elastic constants &l hexagonal approximation have frequencies that are higher
=0). Such an approach was applied to sapphire by Lushghan those computed with the full set of constants, and these
and changes affect the ordering of the modes. Second, the fre-
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(c)

FIG. 1. Displacement patterns of the modes with the lowest frequencies from each of D sinbsets(a) A4, (b) Ayq, (C) E4 (doubly degeneraje(d)
ALy, (€) Ay, and(f) E, (doubly degeneraje

quencies for modes 1 and 13 depend only on the shear modiiable VII using the definitiono=wR\/p/G with G=C,,

lus Cy44 (the derivatives ofv with respect to all other elastic and the values oH, p, and R(=D/2) given above for the
constants are zerpand w43 is exactly twicew,. In fact, langatate cylinder.The presence of a nonzef®,, compli-
there are an infinite number of modes that are multiples otates the deformation and eliminates the purely torsional
the first frequency. These are purely torsional modes with theharacter of these modes. Althou@h, is small compared
same dimensionless frequencies that are given by(Z].  with the on-axis constants in langatate, it is comparable in
for an isotropic cylinder(This can be confirmed by calculat- magnitude taC,,, and this results in a relatively large influ-
ing the dimensionless frequencies for modes 1 and 13 ience on the frequencies.
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TABLE VII. Frequencies and the relative dependence of the frequencies adyjtioé a cylinder with theC;;
and p representative of langatate, except t8at=0. H=6.880 mm.D =5.495 mm.

Mode w/(2m) (MHz) C,, subset dw/dCy; Jwl/dCsz JwldCiz JwldCiy JdwldCis  JdwlICyy

1 0.2093 A, 0.00 0.00 0.00 0.00 0.00 1.00
2,3 0.2875 A,, B, 0.18 0.85 —0.45 0.07 0.00 0.35
45 0.3171 A,, B, 1.86 0.02 -0.01  —1.04 0.00 0.17
6,7 0.3275 Ay, By 0.01 0.06 —0.02 0.00 0.00 0.95
8,9 0.3515 Ag, By 2.26 0.01 -001 -1.26 0.00 0.00
10,11 0.3844 Ay, By 1.37 0.56 -0.30 -0.65 0.00 0.03
12 0.3846 A, 0.41 1.27 —-0.89 0.21 0.00 0.00
13 0.4186 By 0.00 0.00 0.00 0.00 0.00 1.00
D. Effect of geometry tained from the two formulations and from the calculations

¢.0f So and Leiss&.Values of the frequencies calculated in

fects the frequencies and the sensitivity of the frequencies gYlindrical co_ordlnates aren excelle_nt agreement with t_hose
each of the elastic constants. Table VIII shows calculation&f So gnd Lel_ssa. Those calculated in rectangul_ar coordinates
of the frequencies for a langatate cylinder with the height/"’_lre sh}ghtly h'gherl for sdome ]:”nodes_. ﬁn anaIyS|s| Of_ calcula-
diameter ratio increased to(&nd with the material proper- 10NS for torsional modes, for which exact solutions are
ties andD unchangel An examination of the frequencies known, has shown that the formulation in cylindrical coordi-
and derivatives with respect to the elastic constants show22(es is more accurate than that in rectangular coordinates,
that changing the length of the cylinder completely changef®’ @ given number of terms in the series approximation
the ordering of the modes and the dependence of the frequew_nctlons. For a cyllnder of a representatlve trigonal prystal,
cies on each of the elastic constants. For example, if thed@ndatate, approximate solutions for the frequencies and
frequencies are measured for the original cylinder, 8 of théndal shapes have been determined. The relative depen-
first 12 measurements correspond to doubly degeneraféence of the frequencies on each of the elastic constants of
modes, whereas, for the longer cylinder, only 3 of the first 14his material is also determined. Results for a different cyl-

have this character. The modes that are most strongly depelfider geometry show significant changes in ordering of the
dent onC,, are closer to being purely torsiondhe depen- modes and dependencies on the elastic constants and, there-

dence on other elastic constants is reduided the longer ~ fore, suggest that the aspect ratio of the specimen can be
cylinder. The strong dependence of the derivatives on thg_hosen to optimize the accuracy of the determma_mon of elas-
aspect ratio suggest that a parametric study of this effed{C constants from measured resonant frequencies. The spe-
could determine an optimal specimen aspect ratio of a cylin¢i@l case of transverse isotropZ{,=0) also shows signifi-

der for use in estimating elastic constants using resonant ufant changes in frequencies, even though the trigonal

trasound spectroscopy or other techniques. material to which it is comparedangatatg has aC,, that is
small relative to the other elastic constants. Purely torsional

modes appear in the case of transverse isotropy.

The methods presented here have several advantages

This study has considered the traction-free vibration ofover previous Ritz formulations for trigonal materials. The
finite trigonal cylinders using Ritz algorithms in both cylin- cylindrical geometry has the advantage, over rectangular
drical and rectangular Cartesian coordinates and employin(parallelepipell geometries, of eliminating uncertainties as-
group theory to reduce the matrix equations to block-sociated with the alignment of an additional crystallographic
diagonal form. The special case of an isotropic cylinder hagxis relative to the specimen faces. Therefore, it can provide
been explored to compare the calculated frequencies olmyreater accuracy in the determination of elastic constants.

The ratio of the height to diameter of the specimen a

IV. SUMMARY

TABLE VIII. Frequencies and the relative dependence of the frequencies ddjtioé a cylinder with theC;;
and p representative of langatatd.=27.47 mm.D=5.495mm. H/D=5.)

Mode w/(2m) (MHz) C,, subset dw/dCy; JdwldCsz JdwldCiz JdwldCi, dwldCiy  dwlICyy

1,2 0.1307 Ay, By 0.22 1.20 -0.61 0.09 —0.02 0.12
3 0.2000 Ay 0.22 0.00 0.00 -0.12 —0.19 1.09
4,5 0.3045 Ag. By 0.21 0.94 —0.47 0.04 —0.06 0.33
6 0.3998 By 0.22 0.00 0.00 -0.13 -0.19 1.09
7 0.4097 Ag 0.23 1.34 —0.70 0.13 0.00 0.00
8,9 0.5034 Ay, By 0.22 0.73 -0.35 0.00 —0.09 0.50
10 0.5991 Ay 0.23 0.00 0.00 -0.13 —0.20 1.09
11,12 0.7093 Ay 0.24 0.57 -0.27 —0.04 -0.12 0.63
13 0.7987 By 0.24 0.00 0.00 -0.14 —0.20 1.09
14 0.8116 By 0.25 1.34 -0.74 0.14 0.00 0.00
15,16 0.9105 Ay 0.29 0.45 -0.21 —0.09 —0.15 0.72
17 0.9995 A 0.26 0.00 0.00 -0.14 -0.21 1.09

<
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The formulation of the problem in cylindrical coordinates 2. Cylindrical coordinates
provides a complete block-diagonalization of the matrix

problem and a straightforward description of the symmetries Vi oW Cypp 9] Vi gV;
of the vibrational displacements. K3 =f W Tar " Yigr +Cis 9z oar
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TABLE IX. Superimposed character tables Dy and C,,. Numbers in  the threefold rotationgas they are above in the formulation
boldface are characters common to bat), and D34 . Other numbers are for the trigonal cylinder in rectangular coordinatethen
characters only fobD . . . .

Y 103 these subsets transform according to the irreducible represen-

X1 X3 Xa Xs tations ofC,y, . If the threefold rotations are considered, then
D3q Con X1 X2 X2 X3 Xs X4 the approximating functions can be separated more com-
Asg A 1 1 1 1 1 1 pletely according to the irreducible representation®agf .
2g By 1 1 -1 1 1 -1 The correspondence of th®,,, and D34 subsets can be un-
g 2 -1 0 2 1 0 derstood by an inspection of the character tables. If the three-
AL A, 1 1 1 -1 -1 -1 . .
As, B, 1 1 -1 -1 -1 1 fold rotations (v, andys) are ignored, then the characters of
E, 2 -1 0 -2 1 0 Ey are the sums of those &f; andBg. ThereforeEy is a
reducible representation i€,,, and approximating func-
tions that transform according t&; cannot be separated
. JWE GWE  Cyy dVE GV fro_m Aq oOr Bg_fu_nctlons on the basis of symmetry in this
Kii =j . W-l— 7 30 90 point group. Similarly, the characters Bf, are the sums of
v those ofA, and B, so that there are no symmetry-based
JV? aq,jz criteria for separating, functions fromA,, andB,, functions
+C5577rdrd0dz. in Cyp,.
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In the Ritz method of calculating vibrational normal modes, a set of finite series approximation
functions provides a matrix eigenvalue equation for the coefficients in the series and the resonant
frequency. The matrix problem usually can be block-diagonalized by grouping the functions into
subsets according to their properties under the symmetry operations that are common to the
specimen geometry and crystal class. This task is addressed, in this study, for the case of cylindrical
specimens of crystals belonging to one of the higher trigonal crystal classes. The existence of doubly
degenerate resonant modes significantly complicates the analysis. Group-theoretical projection
operators are employed to extract, from series approximation functions in cylindrical coordinates,
the terms that transform according to each irreducible representation of the point group. This
provides a complete symmetry-based block diagonalization and categorization of the modal
symmetries. Off-diagonal projection operators are used to provide relations between the
displacement patterns of degenerate modes. The method of analysis is presented in detail to assist
in its application to other geometries, crystal structures, and/or forms of Ritz approximation
functions. © 2003 Acoustical Society of AmericdDOI: 10.1121/1.1558372

PACS numbers: 43.20.Ks, 43.40.GANN ]

I. INTRODUCTION denoted byD,,, in the Schoenflies system amdmmin the

, , _ , , international systeinwith the twofold crystal axes perpen-
Thg Ritz met.hod.|s a variational analypc technique for(ﬁiicular to the cube face¢For a an overview of the crystal-
calculatmg the vibrational _normal—mode displacements an bgraphic point groups, including representative graphical
fre'quenme's from the. elastic constants and 96‘?”‘6@’ O.f agbjects see Ashcroft and Mernfin.Demarest derived re-
ngriicc:ﬁ Tglsogﬁ::g%s dgfe?;eiggyuiwnpg%?ilgst'itsr:gx:t;?;tstrictions on the parities of the three Cartesian components of
9 ) . . 0 isplacement with respect to reflections across the three per-
from measured frequencies. By inserting a finite number o . . . . - .
pendicular mirror planes and, in this way, divided approxi-

approximation functions into Hamilton’s principle, the . : . : ;
method leads to a matrix eigenvalue equation involving Vari_mat|on functions into eight orthogonal sets. These eight sets

able parameters of the approximation functions. The matri)?orresgofnd to the eﬁht wredt:jmbLe refpresentat!((j)ni)gél K
equation usually can be block diagonalized by grouping théje”ve rom group theory and, therefore, provide a bloc

approximation functions into orthogonal subsets according té‘ilagonallzatl_on of the.R|tz matrices with _m|n|mal sizes of
their general symmetry properties. In this way, computet® submatrices for this symmetifzor a brief summary of

code for solving the eigenvalue problem can be made signifiS®Me concepts from group theory, see AppendixReduc-

cantly more efficient. Such categorization of approximation"d the macroscopic symmet(geometry of the specimen
functions also provides insight into common symmetry char{© Orthorhombic(a rectangular parallelepiped with unequal
acteristics of the various vibrational modes and facilitates thé1d€$ maintains thed,, symmetry. Therefore, the same clas-
prediction of relative coupling strengths for a specified dis-Sification scheme is valid for this geometry, and it was em-
tribution of excitation. ployed by Ohnd. Ohno also presented a similar classifica-
The task of symmetrizing Ritz approximation functions tion of approximation functions for monoclinic crystalS.;,
for a given macroscopic geometry, crystal symmetry, andn the Schoenflies notation;r#/in the international notation
crystal orientation involves an analysis of the transformain the form of rectangular parallelepipeds, which divided
tions of these functions under the symmetry operations of théunctions into two sets according to their parity with respect
object (the operations that leave both the crystal structurdo the single mirror plane. Since this approach does not con-
and the geometry unchangedsuch symmetrizations have sider the effects of all the symmetry operatiddg, , it does
been performed for a number of geometries and crystal sygiot minimize the size of the submatrices. In a subsequent
tems. paper, Ohneet al* extended the analysis @, specimens
Demarest presented a classification of the symmetriesto include restrictions derived from the two-fold rotation of
of approximation functions for cubes of orthorhombic mate-this point group and, in this way, separated the approxima-
rial (belonging to the crystallographic point group that istion functions into four sets and completed the block diago-

1826 J. Acoust. Soc. Am. 113 (4), Pt. 1, April 2003  0001-4966/2003/113(4)/1826/7/$19.00 © 2003 Acoustical Society of America



nalization. This latter work actually focused on parallelepi-D,, or Dg4 (3m, 32, or 3 in the international notation
peds of trigonal material, but the overall symmetry is theThis analysis has been used in the development of a Ritz
same as that of a parallelepiped of monoclinic material, bealgorithm for trigonal cylinders, which is described
cause the rectangular geometry eliminates the threefoldisewheré.Several factors have determined the direction of
trigonal symmetry axis. this work. The focus on trigonal crystal classes arises from

The symmetrization of approximation functions @,  the important technological role that piezoelectric materials
andC,;, specimens is relatively easy to accomplish, becausgith this symmetry(including quartz have in electronic os-
all of the normal-mode displacements are either unchangegillators. Currently, there is a particular need for temperature-
or reversed in sign by the symmetry operations of the objectdependent measurements of the elastic constants of several
In other words, all vibrational normal modes are nondegentrigonal crystals with the structure of langasite, which may
erate(no two modes have the same frequen®o that the provide characteristics superior to quartz in some oscillator
application of symmetry operations does not transformatiorapplications->** The cylindrical geometry of specimens was
the displacement pattern of one mode into that of anothechosen, instead of a rectangular geometry, partly because it
mode. The normal modes remain nondegenerate for speatan provide measurements of elastic constants with less un-
mens with fewer symmetry operations. In terms of groupcertainty arising from crystal alignmerfonly one crystal
theory, D,, and lower-symmetry point groupéncluding  axis needs to be aligned, instead of jwbhis geometry also
C,p) have only one-dimensional irreducible representationshas all the symmetry elements of the crystal, so that the
The symmetrization of approximation functions for speci-overall symmetry of the specimen is the same as that of the
mens belonging to the cubic, tetragonal, and hexagonal poirtrystal and the size of Ritz submatrices can be minimized.
groups is much more difficult. These point groups have irre-The problem is formulated in cylindrical coordinates, be-
ducible representations with dimension greater than one, stause the conditions on approximation functions arising from
that degenerate normal modes are transformed into one aa-consideration of the threefold rotations appear to be intrac-
other under some of the symmetry operations. table in Cartesian coordinates. Cylindrical coordinates allow

Mochizuk? provided a solution to the problem of block for a complete categorization of the symmetries of approxi-
diagonalizing Ritz matrices for all crystal classes in sphericamation functions and the associated minimization of subma-
coordinates, except for the lower tetragonal and trigonatrices. The complete description of modal symmetries was
classes. He took advantage of the fact that the complete analso pursued because of an interest in characterizing the reso-
lytical solution for the normal modes of an isotropic spherenant modes that are excited with a direct inductive piezoelec-
are knowr?” Using these symmetrized solutions as approxi-tric transduction method recently employed with cylindrical
mation functions, Mochizuki derived restrictions on indices specimeng?
of the functions for various crystallographic point groups Group-theoretical projection operators are employed to
based on transformation properties of the elastic constantextract, from series approximation functions, the terms that
Although this derivation was presented in the context oftransform according to each irreducible representation of the
spherical specimens, the same functions and classificatigppint group. This method is presented here in some detail.
scheme could be used for any specimen with an overall symThe aim is to illustrate the method completely, so that other
metry (combination of geometry and material symmegtry researchers may be assisted in its application to other speci-
equal to a crystal symmetry considered by Mochizuki, withmen geometries, crystal structures, and/or forms of Ritz ap-
the limits of volume integrals in the Ritz calculation adjustedproximation functions.
to match the geometry.

Although Mochizuki’'s analysis provides a solution to
the problem of block-diagonalizing Ritz matrices for most of
the crystal classes, this solution, since it is expressed in terms  The objective of this work is to symmetrize Ritz ap-
of complicated functions of spherical coordinates, is unatproximation functions for resonant modes of specimens with
tractive for nonspherical geometries. In another publicationthe symmetry of one of the higher trigonal crystal classes,
Mochizuk® considered the symmetry restrictions on approxi-C,, , D3, or Dgy4. However, only theD ;4 class needs to be
mation functions in Cartesian coordinates. Using group-<onsidered. Since linear elastic vibrations are insensitive to a
theoretical projection operators, he categorized approximaack of inversion, the inversion operator can be added to the
tion functions for right square prisms of tetragonal crystalsC;, and D5 point groups, making them equivalent to the
and cubes of cubic crystals, in addition to parallelepipeds ofrigonal point group with the greatest number of symmetry
lower-symmetry crystals. operationsP 4. This effective equivalence &, , D3, and

Trigonal and hexagonal crystals have received the leadd 4 for linear elasticity can also be seen from the fact that
attention in past work. The complete symmetrization of apthe elastic constant matrices for these crystal classes, which
proximation functions for such crystals in geometries that dacontain all of the elastic symmetry information, have the
not eliminate symmetry operations has been accomplishesame fornt>
previously only by MochizuKiin spherical coordinates. The symmetry of &34 crystal in the form of a cylinder

In the present study, we address the problem of symmewith the trigonal axis oriented along the cylinder axis is
trizing approximation functions, expressed in cylindrical co-shown in Fig. 1. The cylindrical geometry maintains all the
ordinates, for vibrational modes of cylindrical crystals be-elements of thé® sy point group, including rotations of/#23
longing to one of the higher-symmetry trigonal classes, and —27/3 (threefold rotationsabout the vertical axisZ),

II. SYMMETRY OF D34 CYLINDERS

J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003 W. L. Johnson and P. R. Heyliger: Ritz approximation functions 1827
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FIG. 1. Symmetry and definition of axes for an object belonging tdtke
point group.

rotations of (twofold rotation$ aboutX, f, andd (where
d, on the back side of the object, is in the same plang& as
andf and halfway between theminversion, and the prod-
ucts of inversion and the rotations. The labeling of thend

d axes corresponds to that of CornweftsAppendix D.
However, the axis labeb employed by Cornwell has been

changed toz, andb has been changed o to match the
conventions used by Heyliger and JohnSowhich seem
more appropriate for this geometry.

Corresponding to each of the symmetry operatidisa
transformation operatoP(T) that acts on vector functions.

4 4 A
P(Cop)i=u,(r,—0— —,—z|F—uy r,— 60— —,—-2|6
3 3
4 ~
U 1,0 5,22, (1f)
P(1)G=u,(r,0+m,—2)F +uy(r,0+m,—2)0
—Uy(r,0+m7,—2)Z, (19

where the unit vectors and 6 are in the radial and azimuthal
directions at a given poink is the identity operationCs,
and ngl are rotations about by 27/3 and —2#/3, respec-
tively. Coy, C, ¢, andC,q are twofold rotations abouk, f,
andd, respectivelyl is the inversion operation. The effects
of the additional transformation operators involving inver-
sion (IC3,, etc) can be derived easily from the relatf6n

PUT)=P()P(T). 2

IlI. RESTRICTIONS ON INDICES OF APPROXIMATION
FUNCTIONS

Following Heyliger and Johnschthe components of a
normal-mode displacemeri(r,#,z) of a D34 cylinder are
approximated in cylindrical coordinates by finite series of the
form

u(r,0,z2)= >, ag,gr “cognf)z?
a,n,

These transformation operators, when applied to an arbitrary

function, G(r,6,z)=u,(r,6,2)F +u,(r,6,2) 8+ u,(r,6,2)2,
yield the following functions:

P(E)G=u,(r,0,2)f +u,(r,6,2) 6+ u,(r,6,2)2, (1a)
21 27 \.
P(Cj3)U=u, r,0+?,z)f+u9 r,0+?,z)6
2
+ U, 1,0+ ?,2)2, (1b)
—1\ = 2w . 2 ~
P(Cs)u=u,|r,0— —,z|f+uy|r,0——,z|0
3 3
2
+u, r,a—T,z)i, (1c
P(CZX)U:ur(rY_0|_Z)f_u0(rl_01_2)5
_uZ(r1_61_2)21 (ld)
~ 4 4 R
P(Copu=u,|r,—0+—,—z2 f—u9<r,—0+—,—z [
3 3
4 .
—u, r,—0+?,—z)z, (1e
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+ > byl sinmo)z”, (33
K,m,y
Ug(r,0,2)= > b4 cogne)z?
a,n,B
+ X bl r<sinme)z?, (3b)
K,m,'y
U (r,0,2)= X 54 cogng)z?
a,n,B
+ X CSp,resinme)z”, (30

K,M,y

wheren, m, «, B, x, and y are non-negative integers. For a
given material density and set of elastic constants, the coef-
ficientsag, 5, @ym,, Dongs Dimy s Cang. @andcy,,, for each
vibrational mode can be determined through Ritz analysis by
inserting the approximation functions and the specimen ge-
ometry into a variational equation derived from Hamilton's
principle?®

According to group theory, the displacement figldf
each of the normal modes is a basis function for one of the
irreducible representations Bf;4, which are conventionally
labeledAyy, Azg, Ay, Ay, Eq, andE,."* (See Appen-
dixes A and B). Barring accidental degeneracies, modes
transforming as one of the first four of these irreducible rep-
resentations are nondegenerate, and those transformigyg as
or E, are doubly degenerate. Since functions transforming
according to different irreducible representations are or-
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thogonal(even if they are not solutions of the elastic eigen- The application of a projection operator to a series ap-
value probleny solutions of the vibrational problem can be proximationd with the form of Eq.(3) yields a functiond
sought using a limited set of approximation functions of the

form given by Eq.(3) with t_he indices in the functpns re- PPG=0"=u/(r,0,2)F+u)(r,0,2)6+ui(r,0,2)2, (5)
stricted to values that provide the symmetry associated with

a given irreducible representation. In other words, submatrigiip,
ces can be considered separately in the Ritz calculation, if
approximation functions are grouped in this way.

d
The restrictions on the indices of approximation func- u/(r,0,z)= L 2 [A n5(z)a‘fmgr”‘cos(n0)
tions are determined here by applying group-theoretical pro- 9 anp
jection operators, which are defined“hs +Bpp(2)a% 41 sin(n6)]
_d p d
Pi=1 1 2, TP, (4) + Ep > [Cony(2)aim,r coSmo)
K,m,y

whereI'P(T) is the matrix for a symmetry operatidnin an

irreducible representation of dimensidp of a groupG that + Dmy(z)aKmyr sin(mo) ], (6a)
containsg symmetry operationgelements (See Appendix

A.) The summation is over all elements in the group, and the p

asterisk denotes the complex conjugate. Bgj, g is equal ui(r, 0,2 E [Ang(2)b ”Br cosné)

to 12, theP(T) are given by Eq(1), p assumes six arbi- .

trarily assigned values corresponding to the six irreducible +Bnﬁ(z)b ngl “ SIN(NO)]
representations, and, is either 1(for the nondegenerate

representations or 2 (for the doubly degenerate + — 2 [Cmy( z)bkmyr cogme)
representations The matrices foD 54 are given in Appen- 9 xmy

dix B. For this point group, all of the matrices are real, so + Dyy(2) DS, < Si(M) 1, (6b)

that I'P(T)5 =T'P(T);; -

A diagonal projection operatd?! with a given value of
i, when applied to an arbitrary functlon, extracts the part of u(r,,2) p E [Anﬁ(z)canﬂr cogné)
the function that transforms as thi row of the representa-
tion I'P. When applied to series approximation functions
such as those given by E¢B), inspection of the extracted
functions leads to a determination of restrictions on the indi- b s .
ces for functions belonging to a given irreducible represen- T E;n:y [Crmy(2)Cem,yr “ cCOSME)
tation. For the doubly degenerate representations, the projec- o
tion operators withi#j can be used to determine the + Dmy(z)c
relationship between coefficients in the expansions of two
degenerate modes. where

Bnﬁ(z)cﬁmﬁr“ sin(n#)]

xmy! “SIN(MO)], (60

Ans(2)=ZP+[T};(Csij + T(C3,0)i1cog 2nm/3) 2P+ AT (Cyy)ij (— 2)P+ Ag[T(Cy ¢)ij + T'(Caq)ij Icog 4nm/3) (— 2)P
+A,I (1) cognm)(—2)P+ A [ T(1C3,);; + [(1C 3 Jcog nm)cog 2nmr/3) (— 2)P+ A1 A,T'(1C )i cognr) 2P
-I-AlAZ[F(ICZf)”-+F(ICZd)ij]COSI‘MT)COS4H7T/3)ZB, (7a)

Bng(2)=[ —T'(Cs,)ij+ '(C3,0)i;1sin(2nm/3) 28+ Ay[T'(Cy )i; — I'(Caq)ij Isin(4n/3) (= 2)P+ Ao[ —T'(1C3,);;
+F(Icgzl)ij]coqnw)sir(an/3)(—z)ﬁ+ AJA[T(1C,¢)i; =T (1C,q)i;Jcog nr)sin(4n/3)zP, (7b)

Cmy(2)=[T(C3,)ij —T'(C3,);;1sin(2mm/3) 27+ A4[T'(Cy ¢)i; — I'(Coq)ij ISiN(4m/3) (— 2) Y+ A,[ T (1C3,);;
— F(Icgzl)ij Jeogmar)sin(2mar/3)(—2) 7+ A1 A,[T'(1C; ¢)i; —I'(1C4q)ij Jcog mr) sin(4m/3) 27, (7¢)

Diny(2)=2"+[I'(Cgy)ij + I'(Cg; )ijJeos 2mar/3) 27— AT (Cy)ij(—2) "= Aq[T(C4 )i + I'(Coq)y Icod 4mar/3)(— 2)
+A,T(1);; cogma)(—2) 7+ A [T (IC,);; + T(IC3Y); Jcog mar)cog 2ma/3) (—2)— A1 A,T(1C )y cog mar) 27
_AlAZ[FUCZf)ij +F(ICZd)ij]COgm’IT)COQ4m7T/3)Zy, (7d)

J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003 W. L. Johnson and P. R. Heyliger: Ritz approximation functions 1829



1 for u’ TABLE |. Parities of indices of approximation functiofigg. (3)] for each
A= re (83 of the irreducible representatiorisr.) of Dsy. (E=even, O=odd.) The
-1 for u, and u,, values ofn andm also must be multiples of 3 fokyg, Agg, Ay, Ay and
must not be multiples of 3 foE, andE, . The second column lists the row
1 for ur’ and u;)' indices of the doubly degenerate irreducible representafiogs(B2)].
Ap= ) 8b -
-1 for u;. i.r. Row Component n B m y
To illustrate the way restrictions on indices of the ap- Ur E E o o
proximation functions are determined, consider the relativelys Ug g 8 cE) E
simple case of vibrational normal modes that transform ac- Uz
cording to the irreducible representatién, . The values of Uy ¢} o E E
the I'y; (characters of this one-dimensional representation Az Uy E E o %
are all equal to 1Table Il), which corresponds to basis func- Uz o E E o
tions being unchanged by any of the symmetry operations of Uy ¢} ¢} E E
Djq4. With these values, Ed7) reduces to E, 1 Uy E E o) o
u, O E E O
Ang(2)=[2°P+A1(—2)P][1+2 cog2nm/3)]
uy E E o) 0
+ A [AZP+ (—2z)P]cognr) Eq 2 P o o} E E
u, E O (6] E
X[1+2 cog2nm/3)], 9
[1+2 cog2n/3)] (%) . ot & o
Bns(2)=0, (9b)  Awu Uy E 0 o) E
u, 0 o] E E
Cmy(z) = 0! (90) ur E O O E
— Y _ _ Y A2u Uy (e} E E (@]
Dmy(2)=[2"—A1(—2)"][1+2 cog2mm/3)] 0 £ £ o o
_AZ[A]_Z‘Y_(_Z)V]COXI'TWT) u, E o o) E
E, 1 Uy 0 E E 0
X[1+2 cog2mr/3)], (90 0 £ E o o
using the identity cosf@#r/3)=cos(2a/3). Foru,, A, and u, o E E o
A, are equal to 1, and Eg&a) and(9d) become E, 2 Uy E 0 o E
u, 0 0 E E

Ang(2)=[2°+(—2)P][1+2 cog2nm/3) +cognm)

+2 cognm)cog 2nm/3)], (109 - . .
tween coefficients in the expansions for the degenerate
Dmy(2)=[2"=(=2)"][1+2 cog2mmn/3) — cog mr) modes that transform &Sy or E,. Once the displacement
field U for a mode transforming according to the first row of
—2 cogmar)cog2mm/3)]. (10b)

Eg4 or E, is found, the displacement field' of the second

Inspection of Eq(109 reveals thatA,4(z) is zero un-
lessn and B are even and is a multiple of 3. Similarly,
Dm,(2) is zero unlessn andy are odd anan is a multiple of

mode of the degenerate pair is given by E@8—(8) with i
=2 andj = 1. For example, inserting the values 105, of E
[Eq. (B2)] into Eq.(7),

3. Thus, only approximation functions with these indices for
the radial component need to be considered when searching
for solutions of the vibrational problem that transform as
Aqg.

The restrictions on indices for the azimuthal and axial
components ofA,4 functions are obtained by inserting the
corresponding values af; and A, [Eq. (8)] into Eq. (9). ) )
Similarly, restrictions on each of the components of func- +(—2)?]cogmm)sin(Z2m/3), (119
tions transforming accor_ding to 'the olther irreducible repre- Dpy(2)=0. (110
sentations oD 34 are obtained by inserting the corresponding ) )
values ofl';;, A;, andA, into Eq. (7). The results of this These equations reduce to the same expressions for all three
analysis are summarized in Table I. For the doubly degeneff the componentsy; , uy, anduy :
ate i_rreglucible representatiors, andE,, _the restri_ctions on Bns(2) = —4v3Z° sin(2nm/3)
the indices for the second mode, obtained by inserfing

Ans(2)=0, (113

Bng(2)=—V3[Z°— Ay (—2)P]sin(2n/3) +V3A [ A, 2P
—(—2)#]cognm)sin(2n/3), (11b

Cony(2)=V3[27+ Ay(—2)"]sin(2mar/3) +V3A [ A 27

into Eq. (7), are also included in this table. The first and B —62° if n=1+3h, 1
second modes dE; andE, are labeled “1” and “2” in the |6z if n=2+3h, (129
second column of the table, corresponding to the row defini- 6 it L3k
tions implicit in thel” matrices, Eq(B2). _ yei |6z i m=1+3K,
The expressions foB, ;(z) andC,,(2) [Egs.(7b) and Ciny(2)=4V32" sin(2mm/3) = —62” if m=2+3Kk,
(7c)] provide explicit information about the relationship be- (12b)
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whereh andk are non-negative integers, anéndmare still  TABLE Il. Character table foDy .
restricted to the parities indicated in Table I. Equati@g)

also applies to the transformation between degenerate func- h X2 X X s Xe
tions of E,. Note that the prefactod,/g in the general A 1 1 1 1 1 1
expressions fou, , uj, andu; [Eq. (6)] is equal to 1/6 for A% ; j _é ; 711 _é
Ey andE, . Therefore, the expansion for the second functionA?u 1 1 1 1 1 1
(d") in a degenerate pair is equal to that for the first functiona,, 1 1 -1 -1 -1 1
(4) with sine functions replacing cosine functions, cosineEg, 2 -1 0 -2 1 0
functions replacing sine functions, and coefficients multi-
plied by 1 or—1 [depending on the values ofor m, accord-
ing to Eq.(12)]. d

P(T) (M= 2 T(T)matm(1), (A2)
IV. CONCLUSION whereP(T) is an operator that transforms the coordinates of

n(F) according to the symmetry operatidn The function
Group-theoretical projection operators provide a . is said to transform as theth row of G.

straightforward, although somewhat cumbersome, approach  There are an infinite number of representations of each
for symmetrizing Ritz approximation functions for cylinders crystallographic point group. However, almost all of these
of crystals belonging to one of the higher trigonal classesgre reducible, which means that all the matrices in such a
For nondegenerate vibrational modes, this approach actualjgpresentation can be simultaneously block diagonalized
does not need to be employed, since restrictions on the fungnrough the application of an appropriate similarity transfor-
tions can be derived by considering, in turn, each symmetryaiion. For each crystallographic point group, there are only
operation and the corresponding entries in the characte{ fe\w submatrices that appear in any completely block di-
table. However, the doubly degenerate modes introduce gyonalized representatidapart from similarity transforma-
complexity that has been addressed here by employing thgyns of the submatricésThese submatrices are the irreduc-
full power of group theory through the projection operators.jp|e representations of the point group.
The final results for the specific set of series approximation g 5 given point group, basis functions which belong to
functions given by Eq(3) are simple restrictions on the in- gifferent irreducible representations or different rows of the
dices of the series coefficientSable | that divide the func-  same irreducible representation are orthogonal. This group-
tions into subsets corresponding to the |rredu0|ble.represeqheoreticm result is central to the current paper, because the
tations of Dgq. These results are used by Heyliger andsoriing of series approximation functions according to their
JohnsoR to formulate a Ritz algorithm for calculating the irreducible representation@nd rows, for two-dimensional
modal displacements and frequencies of trigonal Cy””ders-representationjsjeads to a block diagonalization of the Ritz

matrices.

APPENDIX A: GROUP-THEORETICAL TERMINOLOGY APPENDIX B: IRREDUCIBLE REPRESENTATIONS OF

A brief summary of several relevant concepts fromDsq
group theory is presented here for the benefit of readers who  rgr6 are six irreducible representations of the crystal-
have little familiarity with this theory. Readers interested inlographic point groufDs4: four one-dimensional represen-
complete mathematically rigorous definitions of terms,iions which normally are labelefl;,, Ay, Agys A,
. . 1 g g u:? u:?
should refer to the cited literature. and two two-dimensional representations labelegd and
A crystallographic point groufs is the set of all sym- E,.' The subscripts §” and “u” indicate that the corre-

metry operationgelement$ not including translations, that sponding basis functions are even and odd, respectively, un-
leave a crystal structure unchanged. Depending on the c:rystaEr inversion.

structure, these operations may include rotations about an  pppreviated information on the symmetries of basis
axis, inversion through a fixed point, reflections across gynctions for the irreducible representations is given by the
plane, rotation reflections, and/or rotation inversions. characters, which are presented in Table II. The column la-

A matrix representatio” of G is a set of nonsingular |5 i this table designate the classes, which are defined to
square matrices with the properties thatfbr every element include the following element¥

T; of G, there is a corresponding matrix(T;) and 2, for

every pair of elementd; and T;, matrix multiplication cor- x1=E, (Bla
responds to successive application of symmetry operatfons: -
p pp Y y op x2=Cs,,C3,', (B1b)
L(T,T)=T(T,)['(T)). (A1)
v _ X3=C2,C2¢,Caq, (Blo
All of the matrices in a representation have the same number
of rows, and this number is the dimensidmf the represen- xs=, (B1d)
tation. The characFer of each matrix is defmgd to be the trace. X5=1Cs,,1C31, (Ble)
A set of functionsyq,i5,...,i44 is a basis for a repre-
sentation ofG if X6=1Coy,IC5¢,ICyqy. (B1f)
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and Winston, New York, 1976
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corresponding character is 1 erl, respectively. For these  application to determination of elastic constants of orthorhombic crys-
representations, the single entry in the maffid) for each tals,” J. Phys. Earttp4, 355-379(1976.

symmetry operatiofl is simply the character of that
The matrices folEy, as presented by Cornwéfl are

1
1“(E)=1“(|)={0 1l

I'(Cs,) _% _%‘/g
3z) =
VR

r(C3H=
r<c2x>={

I(Cyp)= ,

;3

[(Con)=
W3

1
2

(B2a)

(B2b)

(B2¢)

(B2d)

(B2e)

(B2f)

The additional matrices involving inversiofil’(ICs,),
T'(IC3Y, etc] are the same as the corresponding matrices,186-190.
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Investigation of the vibrational modes of edge-constrained
fibrous samples placed in a standing wave tube

Bryan H. Song® and J. Stuart Bolton®
1077 Ray W. Herrick Laboratories, School of Mechanical Engineering, Purdue University, West Lafayette,
Indiana 47907-1077

(Received 5 December 2001; revised 4 November 2002; accepted 23 December 2002

In earlier work it was suggested that the frictional constraint of a porous sample around its
circumference in a standing wave tube resulted in shearing resonances of the sample. In the present
work that effect has been confirmed by direct measurement of the spatial distribution of the velocity
of the solid phase of a fibrous sample placed in a rigidly terminated standing wave tube and driven
into motion by a plane, incident sound field. The measurements were performed using a standing
wave tube to which a transparent downstream section was attached. A laser Doppler velocimeter
was then used to measure the velocity of the solid phase of acoustically driven samples. The
materials considered here were two types of aviation-grade glass fiber. A poroelastic finite element
model was used to simulate the response of the constrained fibrous samples. Good agreement
between measured and predicted mode shapes was found both when the samples were constrained
only around their edges, and when an additional constraint plane was inserted axially through the
samples. The present results confirm that glass fiber samples placed in a standing wave tube exhibit
shearing modes and that those modes are associated with previously observed transmission loss
minima. © 2003 Acoustical Society of AmericdDOI: 10.1121/1.1548155

PACS numbers: 43.20.Ks, 43.20.Mv, 43.55.Ev, 43.58.BEC]

I. INTRODUCTION of the solid phase of the porous material is primarily axial, it
having zero velocity where the sample contacts the tube wall
In earlier articles it was shown that a fibrous samplegng the velocity being a maximum at the center of the
placed in an anechoically terminated standing wave tube eX%sample.
hibits a transmission loss minimdrhand that at frequencies Although the close agreement between measured and
below that minimum the transmission loss increases to a ﬁpredicted results makes it reasonable to assume that the
nite, low frequency limit proportional to the sample’s flow shearing mechanism operates in practice, no direct evidence
resistancé.lt was suggested that the transmission loss minitas been presented to show that an edge-constrained sample
mum resulted from a shearing resonance of the sample ifesponds in the manner suggested. Thus the intention of the
which the sample mass reacted against the stiffness inducggbrk described in this paper was to visualize the vibratory
by the frictional constraint of the sample around its edgesmotion of the solid phase of constrained glass fiber samples
The latter suggestion was supported by the results of finityhen driven by a plane wave field and so to verify the exis-
element(FE) simulations of the acoustical behavior of edge-tence of the shearing motion that was previously inferred
constrained fibrous samplésn particular, it was shown that ingirectly by matching acoustical measurements and finite
the anechoic transmission loss, reflection coefficient and suglement predictions.
face normal impedance of fibrous samples placed in a |nthe present work, the frame motion of glass fiber ma-
anechoically terminated standing wave tube could be reproerials placed in a standing wave tube and backed by a rig-
duced in detail by using a poroelastic finite element model tqdly terminated airspace was measured directly by using a
represent the edge-constrained samples. A parameter varigser vibrometer. It will be shown that the measured spatial
tion study conducted as part of that work showed that, all;ariation of the frame velocity is consistent with the shearing
other parameters being held constant, the frequency of th@otion described above and that the measured results agree

transmission loss minimum was controlled by the shear stiffjgsely with corresponding finite element predictions.
ness of the edge-constrained fibrous sample, i.e., the Young’s

modulus and Poisson’s ratio were found to have essentialljf gACKGROUND

no independent effect on the transmission loss so long as the

value of the shear modulus was held constant. The latter Many papers related to the measurement of the surface
observation is consistent with the suggestion that the sampf@rmal velocity of vibrating panels or plates by the use of
responds in an almost purely shearing motion at the trand@ser viorometers have appeared in the literature: see Refs. 3

mission loss minimum. That is, at that frequency the motior2nd 4 for two recent examples. However, only a very few
papers have been published in which direct measurement of
the vibratory motion of a porous material’s solid phase is
dNow at NASA, Expendable Launch Vehicles, Mail Code VB-A3, Kennedy ; ds,e
described.

Space Center, FL 32899. . .
YAuthor to whom correspondence should be addressed. Electronic mail: In the f'rSt_Of these papers, DUbbelqay describes a prp—
bolton@purdue.edu cedure for estimating the Poisson’s ratio of foamed alumi-
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FIG. 1. Schematic of the laser measurement setup: the
high frequency tube is shown here.

num samples.In his procedure, two laser beams were usedsults. In this way the mechanical properties of open cell
to measure the lateral motion at single points on two sides dbams were determined at low frequencfésHz to 100 Hz.
a foam sample that was forced into axial vibration. It was More recently, Khirnykh and Cummings described an
concluded that the foam’s Young's modulus and Poisson’®lectromagnetic approach for estimating the space-averaged,
ratio could be estimated simultaneously in this way. How-vibrational velocity of the frame of an elastic porous material
ever, as noted, the laser vibration measurements were magkaced in a standing wave tubén their measurements, thin
at only two fixed points rather than over an extended surfaceconducting wires were inserted transversely into a porous
Later, Mariezet al. described ways of identifying the sample. The measurement was then based on the fact that an
mechanical properties of polyurethane fodhis.their pro-  electromotive force is associated with the integral of the
cedure, a cube of polyurethane foam was mounted betweamross-product of the wire’s velocity vector and a magnetic
rigid plates and was then prestressed. When the sample wésld vector imposed along the length of the wire. When it is
excited by a shaker attached to one of the plates, the samassumed that the amplitude of the magnetic field vector is
ple’s lateral extension was measured at a single point on theonstant over the length of the wire, the average vibrational
side of the sample by using a laser vibrometer. At the samegelocity along the length of the wire can be calculated. It was
time, the input mechanical impedance of the system waassumed that the wire moved locally with the same velocity
measured by using a piezoelectric sensor mounted betweeas the frame of the porous material and thus that the wire’s
the shaker and the upper plate. Finally, the transfer functiomverage velocity represented the average of the frame veloc-
between the lower plate’s displacement and the laser vibraty across the width of the sample. Since the wires that were
meter signal was estimated. Marietzal. then used a finite inserted into the porous materials were relatively ttireir
element procedure to predict the mechanical impedance ardlameters were 4gum and 140um) and light, it was as-
transfer function with respect to a range of values of thesumed that the mass loading of the sample by the wires was
sample’s Young’s modulus and Poisson’s ratio and estimatedegligible. In addition, it was assumed that the mechanical
the latter properties by matching measured and predicted rg@roperties of the porous materiale., its stiffnessand hence

-

FIG. 2. Schematic of the two-microphone standing
wave tube setup.

X
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TABLE I. Poroelastic material properties used in FE calculations.

Bulk Shear
density Flow resistivity modulus Loss
Material (Kg/m?®) Porosity Tortuosity (MKS Rayls/m (Pa factor
Yellow 6.7 0.99 1.1 21000 1200 0.350
Green 9.6 0.99 31000 2800 0.275

the motion of the sample were not affected by a wire’s presduced to verify the accuracy of the experimental results. Fi-
ence. It was suggested that this procedure offered a reliableally, note that the procedure, at least in the form described,
way of estimating the cross-sectionally averaged vibrationatloes not allow the spatial distribution of the frame velocity
velocity of the solid skeleton of a porous sample placed in d@o be visualized.

standing wave tube; however no theoretical results were ad-

(a)

(b)

° T 0.625 cm

10 cm/v

©)

FIG. 3. Schematic of glass fiber samples with reflecting tdgelarge
sample,(b) small sample, anéc) large sampldplane-constraint cage
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In the present work, a laser vibrometer was used to mea-
sure the surface normal velocity of the rear surface of glass
fiber materials placed in a standing wave tube: i.e., the mea-
surements were made directly on a point-by-point basis
along a diametral line across the rear surface of a sample
backed by an airspace and a rigid, transparent termination. A
finite element codéCOMET/Safe ver. 4.0was used to cal-
culate theoretical results to which the corresponding mea-
sured surface normal velocities were compared. The experi-
mental apparatus, materials and procedures used in the
present work are described in the next section. A brief de-
scription of the finite element models used here is presented
in Sec. IV followed by a discussion of the measured and
predicted results in Sec. V.

Ill. EXPERIMENTAL APPARATUS, MATERIALS AND
PROCEDURES

A. Experimental apparatus

A schematic diagram of the experimental arrangement
used to measure a sample’s frame vibration is shown in Fig.
1. The measurement was based on the use of &l Bmd
Kjeer Two-Microphone Impedance Measurement T(ibge
4206. Measurements were made in both the low frequency
(50 Hz to 1600 Hxand high frequency100 Hz to 6400 Hg
ranges by using the large and small diameter tubes. The
samples were placed at the downstream end of the standing
wave tube, and then large and small diameter transparent,
circular Plexiglas tubes were used as appropriate to termi-
nate the downstream section so that a laser viborometer could
be used to measure the surface normal velocity on the rear
surface of the samples. Note that a hard termination condi-
tion was adopted for these tests since the acoustical effect of
an open termination is difficult to predict by using FE meth-
ods owing to the complexity of the acoustic loading that
would be experienced by the downstream surface of the po-
rous layer in that case.

The Plexiglas sections were handmade to fit tightly
onto the end of the impedance tubes in order to avoid leak-
age and the tube wall thickness was made relatively large
(both large and small diameter tubes had a wall thickness of
6 mm) so that the sample holder would not exhibit ovalling
modes in the frequency range of interest. The tube termina-
tion was sealed tightly with a flat piece of plexiglass, also 6
mm thick. The inner diameter of the plexiglass tubes was
made the same as the Bihand Kjeer impedance tuliee.,

9.9 cm for the large tube and 2.9 cm for the small julbe
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FIG. 4. Effect of reflecting tape on the transmission loss of 2.5 cm thick glass fiber safaplgsiow sample in the large tubé)) green sample in the large
tube, (c) yellow sample in the small tubéd) green sample in the small tube.

the case of the large tube, the distance from the microphonehereA andB are the complex amplitudes of the positive-
at position 1 to the front surface of the glass fiber sanfiple and negative-going plane wave components upstream of the
all cases 2.5 cm thigkwas 35.0 cm. In the small tube case, samplek is the complex wave number in the ambient fluid,
the distance from the microphone at position 1 to the froniand ane* /! sign convention has been assumed. The transfer
surface of the glass fiber sample was 18.8 cm. The rigidunction between the two microphones is then dendiggd
termination of the Plexiglas tube was 9.7 cm and 10.0 cm=H,/H;. When Eqgs.(1) are substituted into the latter ex-
behind the rear surface of the glass fiber samples in the largaession it is possible to express the plane wave reflection
and small tube cases, respectively. coefficient,R, in terms of the transfer functior,,, i.e.,

A Polytec laser vibrometer was used to measure the sur- H. e ikx —ikx

. . . . X 21€ 1—e 2
face normal velocity as shown in Fig. 1. Its tracking filter R= — T
was adjusted to “slow,” the velocity range was chosen to be e —Hye™
HF 25 mm/s/V and the velocity filter was set to 5 kHz. The Then the normalized surface normal impedance of the
laser beam was re-focused every time it was moved from ongample can be calculated as
location to another and the distance between the laser and the
plexiglass termination was kept constdBtcm) in all cases. ﬁz ﬂ 3
poC 1_ R '

B. Two-microphone method The complex wave number was calculated using a formula

The reflection coefficient of each sample was measuref'esented by TemkifEq. 6.6.9 in Ref. 8
using a two-microphone procedure at the same time that the
laser measurements were performed. The two-microphone , )
method is based on measuring the transfer function between Materials tested and sample preparation

2

microphones located at; andx,: see Fig. 2. The complex The glass fiber materials used in these measurements
sound pressure at those points can be expressed as were the same as those described in earlier arttdé=.,
H,=[Ae ket Belkx], (13 yeI.Iow gnd green, aviation-grade glass fiber having .the prop-
. . erties listed in Table I. The samples were cut to fit snugly
H,=[Ae k2t Belkxe, (1b)  into the impedance tube to avoid the creation of air-gaps
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around their circumference. Each sample, as noted prevphone signal and the laser output, it was found necessary to
ously, was 2.5 cm thick. A 2.5 cm sample depth was usedpply light-weight reflecting tape to the sample surface: see
here rather than the 7.5 cm sample depth used in earlidfig. 3. Reflecting paints and retroreflective dust were also
work? to ensure that there were measurable levels of vibratried in this application, but the use of the reflecting tape
tion at the rear surface of the sample. resulted in the best coherence between the reference micro-
To ensure good coherence between the reference micrghone signal and the surface normal velocity signal. It was
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FIG. 6. Three-dimensional finite element modall dimensions in meteyslow frequency tube for laser measuremépiane-constraint cage

assumed that the pieces of tape moved with the same normidns of the axisymmetric FE model to be discussed below.
velocity as the fibrous material to which they were attachedThe effect of any nonaxisymmetric motion resulting from
The pieces of reflecting tape were cut to be smaller than 2.5aterial inhomogeneities was further suppressed by measur-
mm on each side to minimize sample mass-loading effectsing along a complete diametral line and then averaging the
As shown in Figs. @) and (b), measurements of the results at equal radii on opposite sides of the sample.
edge-constrained samples were made at 11 points along a
diametral line: one measurement was made at the center of
the sample, and the rest were made at five equally spac
radial points(for a 0.83 cm measurement interval for the
large samples and a 0.24 cm sample interval for the small Before performing the laser measurements, it was nec-
sample$ on the left-hand and right-hand hand sides of theessary to verify that the acoustical effect of the reflecting
center. Measurements were also made for plane-constraine@dpe applied to the samples was small. It was assumed that
large samples, as illustrated in Fig(cB in that case, the the tape might alter the response of the glass fiber samples
sample spacing was 0.625 cm. The constraint in the lattegither by mass loading the relatively light-weight glass fiber
case was providedyba 1 mmthick sheet of plexiglass run- samples or by partially blocking the rear surface of the
ning axially through the sampl@s in Ref. 2 which divided = sample. Thus the anechoic transmission losses through 10
the 10 cm diameter into two equal areas. The Plexiglas sheem and 2.9 cm diameter, 2.5 cm deep yellow and green glass
was held rigidly in place by friction at the tube walls. fiber samples were measuragsing the procedure described
To reduce the effect of variations due to sample mountin Ref. 1) before and after attaching the reflecting tape to
ing, tape application inconsistency, and of material inhomoztheir rear surfaces. As shown in Fig. 4, the difference be-
geneity from sample to sample, 20 different samples of théween the transmission loss results with and without reflect-
yellow and green glass fibers were measured. The results @ig tape was very small. That level of variation was consid-
the twenty individual tests were then averaged to give theered to be acceptable, especially for a single sample case.
results presented here. Note that in the case of the edge cofhus it was concluded that application of the reflecting tape
strained samples it was assumed that the sample’s motido the samples did not have a significant effect on the latters’
was axisymmetric so that measurements could be restrictetoustical properties.
to a single radial line. The assumption of axisymmetric mo-  The transmission loss through the 2.5 cm thick glass
tion is reasonable in the light of the good agreement betweefiber samples was also predicted by using the FE model de-
the measured and impedances and the corresponding predszribed previouslin combination with the properties listed

Mass-loading effect on the sample due to
attachment of reflecting tape
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in Table I: see Sec. IV for details of the FE model. It wasmotion becomes progressively weaker as the frequency in-
found that the transmission loss predictions and the correcreases. In the high frequency tube case, it was found that the
sponding measurements with and without reflecting tapeoherence was excellent from approximately 150 Hz to 1
were in reasonable agreement for both yellow and greekHz. As a result of the relatively poor coherence at high
samples except at the lowest frequencies where the measufeequencies, the vibration results presented here are consid-
ments become unreliable owing to the effects of inter-ered to be accurate only up to frequencies in the neighbor-
microphone mismatch. hood of 1 kHz.

The transfer function between the reference signat
crophone signal )1 H,, and the frame velocity/s, can be

expressed as
The normal velocity of the solid phase of the glass fiber

samples was measured when the sample was driven by a V¢

plane sound field. In the low frequency case, a broadband Vfle_l' 4)
random signal was generated over the frequency range 50 Hz

to 1600 Hz. In the high frequency case, the broadband rarit was found thatH,| was relatively smooth over the fre-
dom signal spanned the frequency range 100 Hz to 6400 Hzuency range of primary intere@tith the exception of a dip
The source signal was adjusted to a level that was lowin the large tube case at approximately 150 Hz when micro-
enough to avoid a nonlinear response of the sarfgdede- phone 1 is approximately one-quarter wavelength in front of
termined by examining the coherence between the referendbe rigid termination The velocity spectrum was also rel-
signal and the laser outputThe transfer function between atively smooth. In the large sample cases, the spectral level
the microphone 1 signdinput) and the surface normal ve- increased up to approximately 200 Hz, presumably since the
locity signal (outpud was measured by using a Bfuand sample was becoming less stiff with increasing frequéncy.
Kjeer Pulse systenBruel and Kjeer Type 3560 The associ- Above that frequency, the response fell off as the excitation
ated coherence in the low frequency tube case for the twof the solid phase by the sound field diminished. The same
materials tested here was excellent from 100 Hz to approxikind of behavior was observed in the small tube case, except
mately 800 Hz. However, the coherence above 800 Hz wathat the transition frequency was much higher owing to the
poor, presumably due to low vibration levels since the exci-higher frequency of the transverse shearing resonance in this
tation of the solid phase by coupling with interstitial fluid case.

E. Frame velocity of the glass fiber materials
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(plane-constraint cage
In the case of the edge-constrained samples, the arethe total surface area of the sample. In the case of the plane-
weighted, space-averaged, frame root-mean-square velocitpnstrained samples, a simple average of the seven measured
can be written as velocities was calculated, i.e., no area weighting was used.
When comparing the measured and FE predicted, space-
6 * 1
v _Ei:l \/Vflivflilz S ®) averaged frame velocities, the results were normalized by the
ave Soot ' maximum value over the frequency range of interest.

In Eq. (5), each value ol represen_ts the average of the I\ FINITE ELEMENT MODELS

two measurements at the same radius on the left-hand and

right-hand sides of the centdwith the exception of the Finite element models were created using the code
value at the center of the sampl&; represents the radially COMET/safe ver. 4.0 to represent both the anechoic and
segmented surface area associated with ¥a¢chandS,;is  rigid termination cases. As shown in Fig@ah the axisym-
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metric FE model for the anechoic transmission loss case atir regions, a zero normal velocity condition was applied in
low frequencies comprised 18 poroelastic elements and 3the radial direction at the duct wall. Within the poroelastic
air elements for a total of 54 elements having 70 nodes. Thenedium, the radial displacements of both the solid and fluid
FE model in the high frequency anechoic transmission losphases were set to zero at the duct circumference to model
case comprised 66 poroelastic elements and 60 air elemeritse hard wall boundary condition. In addition, to represent
for a total of 126 elements having 154 nodes: see Fig.5 the constraint of the glass fiber by contact with the duct wall,
For the purpose of meshing, all of the elements in the axithe axial component of the solid phase displacement was also
symmetric model were chosen to be linear, four-node, quadset equal to zero at the duct wall, i.e., the material was con-
rilateral element§ANSYS Shell 63. The impedance tube sidered to be “bonded” to the duct wall. Note, however, that
circumference was itself assumed to be a rigid. Thus in théhe tangential displacement of the fluid component displace-
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ment within the porous material was not constrained at theéhe solid phase displacement at the rear surface of the sample
duct wall, i.e., the fluid phase of the poroelastic medium wagas in the experimental procedur&hat pressure, along with
allowed to “slip” at the boundary. The parameters that werethe pressure “measured” at the next node to the right was
used to specify the properties of the poroelastic mediunused to calculate the reflection coefficient and surface normal
were: flow resistivity, tortuosity, porosity, bulk density of the impedance of the sample by using the two-microphone pro-
expanded material, bulk Young's modulus and correspondingedure described in Sec. III B.
loss factor, and Poisson’s ratio. The Young’s modulus and  The plane-constraint results presented here were calcu-
Poisson’s ratio were chosen to give the value of the shedated using three-dimensional modesNSYS Fluid 30 ele-
modulus shown in TabledThe nodes at the left hand end of ments were used to create the mesh all cases, the plane-
the models were given a unit axial velocity, and the imped-constraint was assumed to be rigidly fixed to the tube walls
ance at the right hand end of the models was sgigtoto  and to have zero thickness. The model comprised 576 po-
create an anechoic termination. roelastic elements and 1728 air elements for a total of 2304
Models were also created to simulate the laser measur@lements having 2717 nodes: see Fig. 6. The normal fluid
ment configuration. Shown in Fig(& is the axisymmetric and solid phase displacements, and the axial solid phase dis-
FE model used to represent the low frequency laser measurptacement were set to zero where the poroelastic elements
ment(i.e., rigid termination case. The model comprised 18 contacted the constraint surface. Otherwise, the boundary
poroelastic elements and 54 air elements for a total of 72onditions were as described previously as were the proce-
elements having 91 nodes in the low frequency cases. In théures for normalizing the solid phase displacement of the
high frequency case, the axisymmetric model comprised 6@orous material and for calculating the reflection coefficients
poroelastic elements and 84 air elements for a total of 15@nd surface normal impedances.
elements having 182 nodes: see Fi@l)5In these cases, the
axial velocities at the nodes at the downstream end of th§. RESULTS
models were set to zero to represent the rigid terminationA Surface normal impedances
otherwise, the boundary conditions were as described in the’ P
previous paragraph. In both cases, the pressure “measured” The surface normal impedances for the two sample
at the left-most node on the tube wall was used to normalizéypes are shown in Fig. 7. The results are typical for a porous

1846 J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003 B. H. Song and J. S. Bolton: Edge-constrained samples



1000
900
800
700

Frequency (Hz)
Frequency (Hz)

300
200 &
100

0 0.005 0.01 ) 0 0.005 0.01

1000
o0
800
700
60D

Frequency (Hz)
Frequency (Hz)

S 888888888

400
300
200 b
100

0 0.005 0.01 ) 0 0.005 0.01
r(m) r(m)

FIG. 15. Normalized frame velocity of glass fiber materials in small tube, edge-constrained, hard terminati¢a) gaglew sample(FE prediction, (b)
yellow sample(measuremeit (c) green sampléFE prediction, (d) green samplémeasuremeint

layer placed in front of a rigidly terminated air column. That between the FE prediction and the corresponding measure-
is, the reactive impedance is primarily that of the rigidly ments for both yellow and green samples, particularly with
terminated air column: stiffness-like at low frequencies andrespect to the location of the primary and secondary peaks.
then going through a sequence of depth modes that are prétowever the agreement at higher frequencies in the small
gressively more heavily damped as the frequency increasdsbe case was not so close: the FE model generally predicted
owing to the effect of the fibrous samgkeee especially Figs. higher velocity levels than were measured, perhaps due to an
7(c) and(d)]. The large and small tube results are essentialljunderestimate of the frame loss factor. Nonetheless, it was
similar in the frequency range in which they overlap sincefelt that the agreement between measurements and predic-
the backing airspace depth was approximately the same itions was satisfactory.

both cases. The frequency of the first zero crossing of the

reactive impedance is increased by approximately 100 Hz in

the small tube case compared to the large tube case since tfe ldentification of sample vibrational modal

sample edge-constraint stiffens the sample in the formelréquencies

case’ It was desired to visualize the axial motion of the solid
It can also be seen in Fig. 7 that the predictions of surphase of the fibrous materials at the frequencies at which
face normal impedance made using the FE model in conjunghey responded primarily in their first and second transverse
tion with the material parameters listed in Table | were i”shearing modes. These frequencies were selected on the ba-
generally good agreement with the measurements for bothis of FE predictions made for anechoically terminated
yellow and green samples. The low frequency results for thgamples(calculated using the material properties listed in
small diameter tube in particular show some discrepanciegaple |). The anechoic termination condition was chosen for
that ma.y be related to the d|ff|CU|ty of maintaining Uniform th|s purpose in Order to minimize the inﬂuence on the mag_
wall contact in the case of 2.9 cm diameter, single layepjtude of the normalized frame velocity of the longitudinal
samples. standing waves in the rigidly terminated tube. Further, it was
assumed that the frequency ranges over which particular
shearing modes of the samples were significant were not
The space-averaged frame velocity results are shown istrongly affected by the sample termination conditions.
Fig. 8. It can be seen that there was reasonable agreement In Fig. 9, the FE-predicted frame velocity results for

B. Space-averaged frame velocity
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both materials in the large and small tube configurations irtermination were then plotted at the frequencies mentioned
the edge-constrained cases and in the large tube configurabove: those results will be discussed in the next sub-section.
tions for the plane-constraint cases are plotted as a function
of frequency and radius. The frame velocity amplitudes were . )
normalized by their maximum value within each data setD- Comparison of measured and FE-predicted mode
and the results are presented using a decibel vertical scal¥'2PeS
As can be seen in Fig.(8), the first transverse mode of the As described in Sec. 1V, the spatial variation of the axial
yellow sample in the large tube is clear near 100 Hz and &elocity of the solid phase of the glass fiber materials was
second mode is visible near 350 Hz. The first mode of thepredicted using the code COMET/Safe. The mode shapes in
green sample in the large tube is visible near 130 Hz and ththe hard backing configuration were then plotted at the fre-
second mode is evident near 420 Hz: see Fi§).9n Fig.  quencies selected on the basis of the anechoic termination
9(c), it can be seen that the first mode of the yellow samplecases. The predicted and measured first and second mode
in the small tube occurs near 390 Hz while there is a seconghapes for the edge-constrained materials in the large and
mode visible near 830 Hz. The first mode of the greensmall tubes are plotted in Figs. 10 and 11 for the yellow and
sample in the small tube occurs near 480 Hz and a secorgteen materials, respectively, and the plane-constraint results
mode is visible near 1120 Hz: see Figdp Note that the for the two materials are shown in Figs. 12 and 13. Note that
various frequencies identified here also correspond approxalthough the edge-constraint results are shown over the en-
mately with the locations of the minima in the anechoictire rear surface of the sample, the data was measured over
transmission loss spectra for these various combinations aly one diametral line. Recall that data measured at equira-
samples and tube sizes. In the same way, frequencies of 2@al points were averaged, and those results were further av-
Hz and 500 Hz were selected for the yellow material in theeraged over the set of twenty samples. The latter results were
plane-constraint case, and 240 Hz and 640 Hz were selectelden “rotated” through 360 degrees to give the results shown
for the green material in the same configuration: see Figsn Figs. 10 and 11. Further, the velocity at the tube wall
9(e) and(f), respectively. location, which could not be measured directly, was set equal
The spatial distribution of the frame velocity when the to zero for the purpose of plotting. In the same way, the
samples were backed by a finite-depth air space and a rigidlane-constraint results presented in Figs. 12 and 13 were
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“mirrored” with respect to the constraint-plane location, and in the case of the green material, the predicted and measured
the velocity both at the constraint plane and the tube walfrequencies of the second mode agree well, but the level of
was set equal to zero for the purpose of plotting. response at those frequencies is substantially lower in the

It can be seen in Figs. 10 and 11 that the measured modeeasured than in the predicted results. Again, it may have
shapes are in generally very good agreement with the FlBeen possible to improve the quality of the agreement be-
predictions, particularly in the large tube cases and for théween the measured and predicted results by altering the ma-
first mode in the small tube cases. The agreement for thterial parameters of the two media; however, it was felt in
second mode in the small tube is not as close: neverthelessi titis case that the discrepancy related more likely to the dif-
is clear that the samples are responding in a second-modéeulty of placing relatively small and fragile samples into the
like manner. That is, they show a peak midway between thémpedance tube so that uniform contact was established
sample center and the tube wall and there is evidence of around the circumference of the sample. Finally, it can be
circumferential nodal line between the latter peak and theseen in Fig. 16 that the predicted and measured first mode
sample center. In the plane constraint cafégs. 12 and 18 features are in good agreement in the plane-constraint case,
there is very good agreement between the measured and pimit that higher frequency features are more attenuated in the
dicted results for the first mode. The locations and relativeneasured than in the predicted results.
values of the peaks differ somewhat for the second modes,
but the measurements and predictions are nonetheless vefy CONCLUSIONS
similar in overall character. In this paper, direct measurements of the vibrational ve-

It is clear from the results shown in Figs. 10—-13 that thelocity of the solid skeleton of fibrous samples placed in a
frame motion of the fibrous samples approaches a minimurgtanding wave tube have been presented. It was found that
at the tube wall, thus confirming that the frame is constraineguch samples respond in a shearing motion when driven by
to have zero axial velocity where it contacts the inner tubean incident plane wave field owing both to the viscous cou-
surface. Also note the circumferential nodal line that is vis-pling of the fluid and solid phases of the fibrous material and
ible in the case of the second modes in both large and smatb the frictional constraint of the samples where they contact
tube, edge-constrained results: see Figs. 10 and 11. The@® tube wall. The same effect was observed when a plane
measured results, and those for the plane constraint casegnstraining surface was inserted axially through a sample.
when combined with the relatively good agreement with theFurther, the measured and FE-predicted spatial distribution
predicted mode shapes, thus confirm that the solid phase of the frame velocity were in generally good agreement for
edge-constrained fibrous samples placed in a standing wavge first two shearing modes of both edge- and plane-
tube responds in a shearing motion when driven by planeonstrained samples. Thus the present results confirm that
sound fields. We believe that the present results provide urglass fiber samples placed in a standing wave tube exhibit
equivocal evidence that the transmission loss minima disshearing modes, as inferred from the work described in Refs.
cussed in Ref. 2 result from transverse shearing resonancegsand 2, and that those modes are associated with previously
of the solid phase of the constrained samples. observed transmission loss minima.
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Two different three-dimensional elastodynamic models are introduced to simulate the wave field
generated in steel by two types of surface mounted ultrasonic transducers. By replacing the actual
transducer by an equivalent surface source distribution, the models become amenable to an exact
analytical analysis. The first model simulates the action of a contact transducer through a
distribution of nonmoving line segment sources. The second model simulates the action of an angle
beam transducer through a single moving line segment source. Almost any transducer aperture shape
may be modeled, while the source may apply a nonuniform traction. To speed up the numerical
space—time domain calculations, the Cagniard—De Hoop method is employed to analytically
evaluate the wave field produced by a single nonmoving line segment source. This solution provides
the integrand for both single-integral models. The models are experimentally validated for a contact
transducer and three different angle beam transducers. The validation involves a comparison of the
wave-field patterns, the directivity curves and some time-domain signals from the wave field. It is
shown that the models reliably identify the wide variety of waves generated by ultrasonic
transducers, such as focused waves, edge waves, Rayleigh waves and head wa2863 ©
Acoustical Society of America[DOI: 10.1121/1.1557213

PACS numbers: 43.20.Px, 43.20.R4.T]

I. INTRODUCTION inspection of steel components, the frequencies generated by
ultrasonic transducers lie typically in the range of 0.1 MHz
In the practice of nondestructive inspection of steel com+to 10 MHz.
ponents for fatigue or corrosion, two important types of ul- Quite a few authors have investigated equivalent surface
trasonic transducers are the angle beam transducer and tdeurces that could be employed as models for wave trans-
contact transducer. The angle beam transdifdésran assem-  ducers. For example, at a sufficient distance one could con-

. ' : _6
bly of a plastic wedge and a piezo-electric wedge transducefider a moving point sourte® to model a probe. For a rect-

as depicted in Fig. 1. It is designed to generate a beam ¢gular contact transducer a line source or strip séutce

shear waves that propagate under a specific angle with thceOuld SEIve as a model.. Apl%roxmatmg models are usually
i . accurate only in the far fielti!® although some models may
steel surface onto which the transducer is mounted. For brev-

" il refer & eb ransd obe Th still perform satisfactorily in the intermediate fieftr'3 A
Ity we will reter 1o an angle beam transducer gsabe Ihe g0 alement® or finite-differencé® calculation may give

contact transducer is a piezoelectric transducer that iggsistactory predictions in both the near field and the far
mounted directly onto the steel surface. It is designed tield. but the computational effort for high frequencies in
generate a beam of compression waves that propagate pegmbination with large distances can be a drawback.
pendicular to the steel surface. Both types of transducer As will be shown in this paper, the head waves are
make proper acoustical contact with the steel through a thiprominent features of the wave field for small contact trans-
layer of low-viscous liquid couplant. As a consequence, onlyducers and for probes with steep beam angles, while the
the normal traction is continuous through the transducerRayleigh waves always dominate at the surface. Models that
couplant-steel interface, and we may therefore neglect th# essence neglect the mode conversions at the free surface

shear tractions when prescribing the equivalent surfacil to give accurate predictions for these important wave

: H ,12,16,17
source® The part of the interface where the energy is effec-1€ld constituents: _ _
To accurately describe the full wave field of a transducer

tively exchanged between the transducer and the steel is rei th  elastod : lution i ired. At
ferred to as the apertufe, which size determines the size of at any range, the exact elastodynamic Solution IS required.

the finit d D del. In th " fa first glance, this solution could be obtained by employing
€ finite source domain In-our model. In he practice o point source superposition. However, in a three-dimensional

problem this would result in a double integral over the aper-
aEectronic mail: bakkermem@dutlbez. I tudelft.nl ture. This require; an enormous comp'utatiorjal effort. The
DElectronic mail: m.d.verweij@its.tudelft.nl effort increases with decreasing pulse width, since the spatial
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three types of shear wave probe and one compression wave
contact transducer.

In Sec. Il we describe the model configuration and
present the space—time domain wave field solutions. In Sec.
rintaktat Il we outline the experimental setup. In Sec. IV we compare
and discuss the modeled and measured wave fields, directiv-
ity curves, and time domain signals, and in Sec. V we draw
some conclusions.

(a)

acoustically
damping

perspex
wedge

Il. MODEL CONFIGURATION AND SPACE—-TIME
(b) DOMAIN WAVE FIELD

A. Configuration

We consider a homogeneous, isotropic, lossless elastic
half-space with an initially traction-free surface. A fixed Car-
tesian coordinate system is chosen, where a positive vertical
z-coordinate indicates the depth of the observation pwint
=Xiy+Yiy+zi, below the surface. At=0 a part of the sur-
face is loaded by a source of normal tractibn The ellip-

2. tical source domair} lies in betweerx=—1, andx=1I, in
one horizontal direction, and in betwegr —w(x) andy
FIG. 1. (a) Side-view of an angle beam transduéerobe. (b) Botomview ~ =W(X) in the other horizontal direction, whergv(x)
of the probe. =We\1— (x/lo)2. The values of, andw, follow from the
length 2, and the width v, of the aperture of an actual
transducer.

2we

discretization of the double integral is linked to the time
sampling, which must be relatively fine in view of Shannon'’s
s_ampllng theorem. Although a combmgtlon of apprc_mma—B. Source model for a contact transducer
tions and smart programming may considerably alleviate the
computational effort® the evaluation would still suffer from We describe the contact transducer by the distribution of
the approximation drawbacks discussed above. For someonmoving line sources
source shapes the double integral can be evalugizdly)
analytically using contour integration. Examples are circular Tz(x,y,t):f
sources®~?Lannular sourcé$ and rectangular sourcé$.?®

In this paper we model the probe l:_)y a moving line seg- X{HIY+w(x)]—Hly—w(x)Tdx". (1)
ment of normal traction, where the motion of the load causes
the angled beam of shear waves that is characteristic for thishis distribution fills up the source domain with shifted
type of transducer. In addition, we model the contact transline sources that are directed parallel to yhexis and have a
ducer by a distribution of nonmoving line segments of nor-length 2v(x’), wherex’ is the position of a line segment
mal traction. Next, we employ a closed form solution for the@long thex axis. One such line source is shown in Figa)2
Space_time domain wave field of a Sing'e' nonmoving |ineThe temporal behavior of a line source is determined by the
segment source. This intermediate result is obtained usingteP functiorH(t), its local strength is given by the traction
the Cagniard—De Hoop technigéfewhich is also demon- amplitudeg®{x") with dimension force per area. Suppose
strated in Refs. 6, 8, 9, and 25. For both models, the interthat we know the displacement Green'’s funct®g(x,t) due
mediate result needs to be integrated to account for the entif€ ~an  impulsive line  source 5(t)S(x)[H(y+w)
aperture. This integration is performed numerically. In fact,~H(y—w)]. Closed-form expressions for this space—time
both models employ the superposition of closed form resultslomain Green’s function are presented in the Appendix. Su-
for line segment sources, which requires considerably lesBerposition of the responses to all line sources in€ldgves
computational effort than the superposition of closed formus the displacement due to the contact transducer as
results for point sources. I

In this paper we focus on the elliptically shaped trans- uk(x,t)zH(t)*tf g% (X" )G(x—x"y,z,t)dx", (2
ducer aperture, which case covers most common commercial “le
transducers. Nevertheless, with our approach almost any apthereG,(x—x’,y,z,t) also depends or’ throughw(x").
erture shape could be modeled. To model the pulse generat@the above process may be compared to the conventional
by an ultrasonic transducer, we apply a time convolutionpoint source superposition that would result in a double spa-
with a source signature obtained from a calibration measurdial integral. To change the time behavior of the contact
ment. Due to its convolution structure, the additional integraltransducer into something else than a step function, a tempo-
does not burden the total calculation time. The elastodyral convolution of Eqs(1) and (2) with an appropriate unit
namic models are validated against measurements involvingmplitude source signatugg(t) should be applied.

Ie
H(t) o(x—x")g*(x")

e
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() (®) probe
A a0 ? \

2w,

EMAT
steel half-cylinder

2l

2we
2w(z’(1)]

< al, > FIG. 3. (&) The experimental setup with a probe centrally attached to the
plane surface of the steel half-cylinder. The EMAT is automatically rotated
FIG. 2. (@) The contact transducer aperture, which as a source domain gffound the curved cylinder surface in steps of (2J.The velocity compo-
normal traction is build up from line segments of lengw(2’). (b) The  nentsv andu, in the employed cylindrical coordinate system.
probe aperture, which as a source domain is traversed by a moving line
segment of normal traction of lengthw@x’ (t)].

min{t, T}
Uk(xyt)=J0 G x=x'(7)y,z,t=7]g*™x'(7)]d,

C. Source model for a probe (5)
We describe the probe by the moving line source whereG,(x—x',y,z,t) also depends or’ throughw(x').
The above process may be compared to the conventional
T, (X,y,t) =H(t) S[x—x" () Jg*(x) moving point source superposition that would result in a

double spatial integral. The steplike time behavior of the

probe may be changed into something else by a temporal
3 convolution of Eqs(3), (4), and(5) with an appropriate unit

amplitude source signatugg(t).

with x’(t) =ct—I, being the momentary position of the line

source att=(x'+Ig)/c. The line source moves inside the

souice domai) at a constam speerj.>0 along thex_aX|§; D. Particle velocities in the cylindrical coordinate

see Fig. 2). It becomes active @t=0 in x=—l¢, whichis  gysiem

at the back of the probe aperture, and it vanishes=al ] ] .

=2l /cin x=I,, which is at the front of the probe aperture. Ir_1 our experlmental sgtup we will measure the partple

The local strength of the line source is given by the tractionV€l0City v=4iu. Since the interior of the steel half-space is

amplitudeg®(x) with dimension force per length. Next we inaccessible for measurements, we will measure the wave

write the moving line source as the distribution of delayedﬁeld along a circular cylindrical surface, as depicted in Fig.
and shifted nonmoving line sources 3(a). To facilitate these measurements, we introduce a cylin-

drical coordinate system with coordinatas,{) to replace
the Cartesian coordinaté€s,y,2. The particle velocity com-

X{H[y+w()]=Hly-w(x)]} (0<t<T,),

T,(X,y,t)= fOTCb‘(t— 7) [ x—X'(7)]g%(x) {)or)entwr antt)jvg [;ee Fig. &)] are obtained from the Car-
esian ones by using
X{HLy+w(x)]—H[y—w(x)]}d7. 4 v =v,sin(0)+v,cog ), (6)
vy=vyC0g0)—v,SIn(6). (7)

Suppose that we know the displacement Green’s function
Gi(x,t) due to a line source §(t)S(X)[H(y+w) The component ,=v, is perpendicular to the plane of the
—H(y—w)], as presented in the Appendix. Then superposidrawing in Fig. 3b). This component is zero in the symme-
tion of the responses to all delayed and shifted line sourcesy plane of the transducer in which the validation will take
inside Q) renders us the displacemént place.
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TABLE |. Parameters of the employed transducers.

Diameter of Frequency le, We Load speed
Transducer type crystal (mm) (MHz) (mm, mm (m/s)
Contact transducer 12.7 2.25 MHz 6.35, 6.35
32° probe 12.7 5.00 MHz 7.90, 6.35 6658
45° probe 25.4 2.25 MHz 17.5, 14.0 4732
70° probe 25.4 5.00 MHz 22.5,14.0 3506
Ill. EXPERIMENTAL SETUP half-space. By comparing the measurements with the model

calculations, these waves are easily identified. Moreover,

Figure 3a) depicts a side-view of our setup for measur- h b ful A le is th d
ing the wave field from an ultrasonic transducer. The trans- 16S€ Mmay even be USElUl. An example 1S the mode conver:

ducer is mounted centrally on the flat surface of a steel halfs'o" O_f the Rayleigh waves at the corners of .the' plane sur-
face, i.e., whered=+90°. Here, the magnetic field pro-

cylinder, so that it radiates towards the curved cylinder o : .
surface. An automated stepping machine rotates an EMA uced by the EMAT is distorted, which results in a rather
oor detection of the wave field. Nevertheless, when a Ray-

being a type of noncontact ultrasonic receiver, along the . . .
leigh wave reaches a corner, a part of its energy will be

curved cylinder surface. In this fashion, we have taken auto .
matic wave-field measurements frafs — 89° to 6=89° in converted into a surface wave that can propagate along the
(curved surfacé’ The latter wave shows up clearly in the

steps of 2°. The radius of the cylinder is 50 mm and the bul . . .
wave speeds of the steel are measure@%s5888 m/s and data as an approximately linear feature, which forms clear
gvidence of the presence of a Rayleigh wave at the plane

CS=3228 m/s. The frequencies of the measured signals li ;
roughly in the range from 0.5 MHz to 6 MHz. The signals surtace. . .
The experimental setup introduces three more or less

are sampled in time at 50 ns intervéd® MHz) and in am- . X .
plitude at 255 levelg8 bits), and are subsequently stored on unavoidable causes of error with regard to the location of a
' measurement. First, the transducer may be misaligned with

a computer disk for further processing. : .
We have used an electromagnetic acoustic transHfucer €SPeCt to the observation plane, which should be the sym-
metry plane of the transducer. Second, an offset inyhe

(EMAT) to measure the wave field. The EMAT has the ad- . )
rection may cause the measurements to take place in a

vantages that it has a small aperture and does not have ?(} . .
make contact with the steel, since its signal is obtained "€ that is offset with respect to the symmetry plane of the
through electromagnetic induction. The motion of the steefransducer. Third, the machine that rotates the EMAT around

particles, which are magnetized by a permanent magnet iWe curveq cylinder surface may be attached with an angular
the EMAT, induces a small emf in the coil of the EMAT. The offset, which causes the measured range to deviate from

detected signal is proportional to the velocity of the steel IS? $0T89 ihThegetherrorsl ma)r/] aﬁectftttwhe travel t'fmled’ the
surface. As a consequence of this principle, the receiver jelative strength and the pulse shape ot the wave-iield con-

sensitive to lift-off, i.e., the size of the airgap between thestituents, an.d will ghow up r_nos_t clearly in the directivity
EMAT and the steel surface. pattern and in the time QOmaln signal.

Two dedicated types of EMAT have been designed. An Table l shqws the d|amete_r and the cen?er frequency of
R-EMAT is constructed to be most sensitive to the radialthe piezoelectric crystgls used in thg ultrasonic transducers. It
velocity component, , while a T-EMAT is most sensitive to also shows the effective aperture sizgandw, as well as
the transversal velocity componary. The spatial resolution the load speed. The latter is calculated from
of the EMAT proves to be sufficient to have a negligible [CS 8
influence on the results shown in this paper. The suppression arcsw(— =07, ®

of the cross-talk, i.e., the undesired complementary velocity

component, is expected to be much better for the T_EMATWhereﬁB is the direction of the main beam obtained from the
than for the R-EMAT. The signal-to-noise rati®NR) is measurements. These measured valueg®omay differ a

about 35 dB for the T-EMAT and about 25 dB for the few degrees from the value given by the manufacturer. This

R-EMAT. The fact that the two EMATSs have quite different is due to a difference in properties of the employed steel.

characteristics prohibits us from separately validating the

components of the wave f|g|d. Therefore_, we will use theIV- COMPARISON OF MODELED AND MEASURED

generally better T-EMAT, with an exception for the wave WAVE FIELDS

field of the 45° probe where the R-EMAT yields some more

details. The measurements have been conducted in the sym- As a first way of comparing the modeled and measured

metry plane/=0 of the transducer, which leaves us with the wave fields, we look at the wave-field pattern. This is pre-

cylindrical velocity components, andv,, as depicted in sented as a greyscale plot showing the magnitude, i.e., the

Fig. 3(b). absolute value, of the wave field versus time and observation
The curved cylinder surface will cause reflected wavesangle. Each plot is normalized to the largest magnitude that

of all wave types and cause mode converted waves frorwould appear in the corresponding unnormalized plot. De-

mainly the head waves, Rayleigh waves and edge wavepending on its construction, a practical transducer causes a

These will not show up in our calculations based on a steetpecific internal time delay before the excitation of the steel
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_ _ TABLE II. Overview of the edge waves and their points of origin.
z=—l J 2% liquid

couplant Wave label Wave type Paint of origin
Pl Compression wave x=—lg
Sl Shear wave x=—lg
HI Head wave x=—lg
RI Rayleigh wave x=—lg
Pr Compression wave x=lg
Sr Shear wave x=lg
. . Hr Head wave x=lg
FIG. 4. The theoretical wave fronts in the symmetry plane0 for a Rr Rayleigh wave x=I,

contact transducer that is coupled to a steel surface through a thin layer of
liquid couplant. In the symmetry plane, the wave fronts of the edge waves
originate from the back edge= — |, and the front edge= I, of the circular

aperture. The labels of the edge waves are explained in Table Il. The domiA. Compression wave contact transducer

nant quasiplanar compression wave travels straight down from the trans: .
ducer and is labeled as Pp. 1. Wave-field pattern

In Fig. 5(@ we show the wave-field pattern as measured

surface takes place. To enable the comparison of the modelg(itttgﬁ] ;Exﬁg e@r;df(;r: t';g' pgor)tig;lg ngggt;hfovmvg\éi:;ld

a_md measured vyave—f!eld patterns,. we synchronize both Wa\%ne complex field pattern for this relatively simple type of
fields by removing this constant time delay from the Meas . ncducer has also been observed by Djelouah and
sured data.

o Baboux?! who compared their model results with laser in-
We look at the directivity of the modeled and measuredterferometry measurements.

wave fields as another way of comparison. For the directivity Around 9 us the wave field is dominated by a focal spot

measurements we always us the T-EMAT since this erIOISdue to constructive interference of a quasiplanar Pp wave

the best SNR with the smallest crosstalk interference. Con- .
sequently, the directivityp (6) of the particle velocity com- and the edge waves Pl and Pr. The focal spot arounds1

onentu . is defined as less wide than the first one. The cause is that the wavelength
P Vo is only half as large as for the compression waves. Moreover,

) the contact transducer does not generate a quasiplanar shear
0 vy(6,1)dt wave, so this second focal spot is due to constructive inter-
D(6)= - . (9) ference of only the edge waves Sl and Sr. The weaker waves
max{f Ug(g,t)dt] that in Fig. a) arrive directly after the focal spots result
0 from multiple internal reflections inside the contact trans-

The directivity is a measure of the energy transmitted in &lUCer:

direction 6, normalized by the maximum of this energy mea- Since the contact transducer is circular symmetrical, the
sure over’all directions. measured wave-field pattern should be symmetrical with re-

As a third means of comparison we look at the time-SPECt 100=07, just like the modeled wave field pattern.
domain signals of the modeled and measured wave fields fgfOWeVver, the lower right branch of the X-pattern of the
a particular value of the observation angle. Each graph i&/aves Pl and Pr is clearly missing in the measurements. This

normalized to the largest field value that would appear in thé"@y be caused by a reduced acoustical coupling at the right-
corresponding unnormalized graph. most edge of the transducer. A less clearly observable asym-

All our measured results apply to a half-cylinder with a metry is that the focal spots appear-&2° instead of 0°. This

radius R=50 mm. We determine the source signatge is caused by an angular offset of the machine that rotates the
from the measured signal in the main beam of the transducdsMAT around the curved cylinder surface.

at hand. In the model calculations we use an adaptive Gauss ' the modeled wave field we detect two of each head
quadrature rule with a relative accuracy of £0o evaluate Waves Hi and Hrand two of each Rayleigh waves Rl and Rr.

the single integral in Eq¢2) and(5). The time sampling rate  -1owever, in the measured wave field we only observe the
in the model is 40 MHz. In view of this, the sampling rate of first arriving head waves and Rayleigh waves. The attenua-

the measured source signature is artificially increased fror{on Of the measured waves that arrive later is caused by the
20 MHz to 40 MHz by spline interpolation. In the model we Presence of the transducer on the steel surface, see Flg.. 4,
apply uniform traction amplitudeg® and g® unless noted which pgrturbs the propaggtlon of the surfgce waves. This
otherwise. attenuation does not occur in the model, which allows unper-
In Fig. 4 we have depicted the wave fronts of all the turbed wave propagation along the surface below the source

waves that in theory show up with a contact transducer. Iffomain. The measured Rayleigh waves can be identified by
Table 1l we have explained the labels of the occurring edgd@cing the linear features, due to waves creeping along the
waves. The same types of edge wave also show up in thg.lrved cylinder surface, back to the edge of the plane surface

wave field of a probe. In the symmetry plape 0 the edge at g==90°.

waves may be traced back to either the back edge of the

aperture k=—1,) or the front edge of the aperturex (4 Directivity

=l,). The labels in Table Il are used to indicate the impor- In Fig. 6(a) we present the measured and modeled direc-
tant events in the numerical results. tivity D of the velocity component,; see Eq(9). While the
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calculated directivity reaches values as low-a30 dB, the First, the difference is sensitive to a number of experimental
measured curve does not fall belev20 dB due to measure- factors that are quite difficult to reproduce or control. The
ment noise. In the modeled curve there is a dip around Omost important of these are the liquid coupling between the
since here all the energy of the strong Pp wave is related tgansducer and the steel surface and the alignment of the
the velocity com_ponerur . The asymmetries in the measure- g\ 1aT Second, our model applies to a half-space and does
ments, as mentioned above, are apparent. therefore not account for the mode conversions in the experi-
mental setup at the free, curved surface of the half-cylinder.
Since the amplitude of the mode converted waves increases
In Fig. 7(a) we give the measured and modeled time-with an increasing angle of incidence, this mostly affects the

domain signal ofv, for an observation anglé=—5°. At sjgnal shape of head waves, Rayleigh waves and edge waves.
8.5 us a focused compression wave arrives, which is folhird in our source model it has been assumed thas
lowed at 15.545 by a focused shear wave. The figure ShOW%ndependent of the horizontal coordinates, i.e., it is assumed

a gqod corre§pondence between the arrival times and tnﬁat the source signature is the same over the whole trans-
relative magnitudes of the measured and the modeled sig-

nals. For the small observation angle considered here, tH ucer aperture. In practice, the effective mechanical stiffness

measured and the modeled signal shapes correspond wdif the transducer will be lower near the edges of the aperture.

However, for large observation angles, the correspondend¥doreover, phase variations may occur over the piezoelectric
deteriorates for the weaker edge waves. crystal. Both effects locally influence the source signature,

We suppose that the difference between the measureahd manifest themselves mainly in the resulting signal shape
and the modeled signal shapes has three different causex.the edge waves.

3. Time-domain signal
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FIG. 5. Wave-field patterns in the half-plage-0, z=0, showing the normalized versions @ |v,] measured for the contact transdud@; |v , modeled
for the contact transducefg) |v | measured for the 32° probéd) |v,| modeled for the 32° probée) |v,| measured for the 45° probéf), (g) |v,| modeled
for the 45° probe(h) |v, measured for the 70° probé), (j) |v,| modeled for the 70° probe. F¢g) and(j) the nonuniform traction amplitudes from Fig.
8 have been used.
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for the T-EMAT andv, in Figs. 5c) and (d), respectively.
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Sp, which travels under 29°, and the edge waves Sl and Sr.
There is also a significant focal spot around A€ due to

constructive interference of a quasiplanar Pp wave, which
We show the measured and modeled wave-field patterrtsavels under 63°, and the edge waves Pl and Pr. Upon con-

sidering that the relative contribution of the compression

Around 18 us the wave field is dominated by a focal spot waves is even larger in, , we think that in the present case
due to constructive interference of a quasiplanar shear wawie name shear wave probe should not be taken too literally.
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(2) D [dB] (b)

— model, uniform traction — model, uniform traction
~---- measurement ---- measurement

(¢) D [dB] (d)

— model, uniform traction —— model, nonuniform traction
---- measurement ---- measurement
(e) 0 D [dB]
.0 -20 -40 -60 -40 -20 0
& 2

—— model, uniform traction — model, nonuniform traction
---- measurement ---- measurement

FIG. 6. Directivities in the half-plang=0, z=0, obtained fronv , for (a) the contact transducefh) the 32° probec), (d) the 45° probefe), (f) the 70°
probe. For the modeled directivities {d) and (f) the nonuniform traction amplitudes from Fig. 8 have been used.

We see that the last arriving Rayleigh wave RI does notveak. In between the measured edge waves S| and Sr we
show up in the measurements. This is due to the presence observe some faint waves that do not appear in the modeled
the probe on the steel surface. From the model results weave-field pattern of Fig. (6)). We suppose that both differ-
conclude that the two observable head waves HI and Hr coences are due to the assumption of a uniform traction ampli-
incide. This is as we expect, since the main beam directiotudeg?’ in the model, as we will explain with the 45° probe.
6=29° is close to the critical angl@“=arcsinCS/CP)
=33° under which the head waves propagate in the steel, =
andc andCP are of similar magnitude so the headwaves are2' Directivity
nearly focused as well. Whether Hl is actually present in the  We present the measured and modeled directiditgf
measurements cannot be established from R, butitis v, in Fig. 6b). The calculated directivity reaches values as
quite likely that it is also attenuated due to the presence oiow as—60 dB, while the measured directivity does not fall
the probe on the steel interface. The linear feature occurringelow —35 dB due to measurement noise. In general, the
in the measurements after 18, between 0° and 45°, is due SNR is better for the current probe than for the contact trans-
to a reflection inside the small plastic wedge of the probe. ducer since the first shows a more pronounced directionality

The measured edge waves Pr, Sr, and Rr are relativelthan the latter. The measurements yield a wider main lobe
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FIG. 7. Time-domain signals in the half-plape: 0, z=0, showing the normalized versionswof for (a) the contact transducer amg= —5°; (b) the 32° probe
and §=49°; (c) the 45° probe and=49°; (d) the 70° probe and=67°.

than the model. We suppose that this is due to the fact thgiattern as modeled for the particle velocity compongnt

the measured quasiplanar Sp wave is not as dominant witBnly for these plots we have switched to the radial velocity
respect to the edge waves as we have calculated. This mapmponent because the resulting measurements show also
happen when a misalignment causes the measurements tothe edge P waves, which are indistinctive in the T-EMAT
taken outside the plane of symmetry of the probe. measurements. Around 26 the wave field is dominated by

a focal spot due to constructive interference of the quasipla-
nar wave Sp, which travels under 43°, and the edge waves Sl
and Sr. There is no focal spot for the compression waves. In
domain signal ofv, for an observation anglé=49°. The comparison to the modelgd wave field, the shear waves in the
edge waves Pl and Pr arrive first at 98. At 16 us the measurements are relat!vely stronger than the compression
strong head waves HI and Hr arrive, which are followedWaves. We attribute this to the strong crosstalk of the
within 2 us by the edge waves Sr and SI. As for the contacfR"EMAT, which favors the shear waves. Just as for the 32°
transducer, the correspondence between the arrival times aRéobe, the presence of the probe on the steel interface se-
the relative magnitudes of the measured and the modele¢erely attenuates the edge waves Hl and RI.

signals is quite good. However, the signal shape is predicted The edge waves Pr, Sr, Hr, and Rr from the right-hand
satisfactorily only for the strong head wave. We suppose thagide of the probe are practically absent in our measurements.
apart from the misalignment of the probe, these difference§econd, as opposed to the modeled wave field, in the mea-

have the same causes as mentioned with the contact trargiired wave field we observe some waves to appear in be-
ducer. tween the edge waves Pl and Pr and in between the edge

waves Sl and Sr. As we will now elucidate, we have strong
indications that these differences may be resolved by using a
nonuniform traction amplitudg® in our source model. In
Fig. 8 we have depicted the normalized applied traction,
In Fig. 5(e) we show the wave field pattern as measuredneasured with a small piezoelectric contact transducer along
by the R-EMAT, and in Fig. &) we show the wave field the length axis of the probe aperture. The curve shows that

3. Time-domain signal
In Fig. 7(b) we give the measured and modeled time-

C. 45° shear wave probe

1. Wave-field pattern
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T D. 70° shear wave probe
—— 45° probe
-—-- 70° probe | 1. Wave-field pattern
We show the measured and modeled wave-field patterns
g for the T-EMAT andv, in Figs. §h) and (i), respectively.
Around 23 us the wave field is dominated by a focal spot
] due to constructive interference of a quasiplanar wave Sp,
“ which travels under 67°, and the edge waves Sl and Sr. There
. is no focal spot for the compression waves, and their magni-
tudes are more than 30 dB below the largest magnitude oc-
N\ curring in the shear wave focal spot. We observe similar
Z10 -0.5 0.0 0.5 1.0 phenomena as for the two preceding probes. The presence of
the probe on the steel interface severely attenuates the edge
z/le waves HI and RI. The nonuniform normal traction amplitude
FIG. 8. Normalized measured traction amplitude for the 45° probe and th&*" Of the actual probe causes a weakening of the measured
70° probe. edge waves Sr, Hr, and Rr as compared to their model coun-
terparts obtained with a uniforig®. Moreover, the nonuni-
the applied traction falls off at the edges, and is especialljormity of g° of the actual probe causes some faint waves to
low at the right edge. This explains the attenuation of thedppear in between the edge waves Sl and Sr. To prove the
corresponding edge wav&50n the other hand, the variation last two statements, we have re-evaluated the modeled wave
of the applied traction over the intenat | ,1.] explains the ~field for the nonuniformg® shown in Fig. 8. The resulting
occurrence of the additional waves showing up in betweenvave field is presented in Fig.(j$ and confirms the im-
the edge waves. To support our idea, we have re-evaluatdfoved correspondence with the measurements.
the modeled wave field for the nonunifog® shown in Fig.
8. The resulting wave field, shovyn in Fig(d), indeed has a 2. Directivity
much better correspondence with the measured wave field
than Fig. %f). From this we conclude that traction variations
in they direction, which cannot be facilitated by our model,
have justifiably been neglected.

/////
e

We present the measured and modeled directiitgf
v, in Fig. 6(e). The calculated directivity reaches values as
low as —60 dB, while the measured directivity does not fall
below —30 dB due to measurement noise. As for the 45°
o probe, the modeled curve shows a wider main lobe than the
2. Directivity measured curve because a uniform traction ampligffiés

In Fig. 6(c) we present the measured and modeled direcused in the model. To prove this, we show the measured and
tivity D of the velocity component,. While the calculated the modeled directivity in Fig. @), where the latter has now
directivity reaches values as low as50 dB, the measured been obtained with the nonuniforg in Fig. 8. The width
curve does not fall below 30 dB due to measurement noise. of the main lobe of the measured and the modeled directivity
The modeled main lobe is somewhat wider that the measureare now in good agreement. The improved correspondence
main lobe, which has its maximum at 43°. We think that thisbetween the measured and the modeled main lobes is clearly
deviation is mainly caused by the use of a uniform tractionvisible. The enhanced directionality, which with a uniform
amplitudeg® in the model. This produces relatively strong g% is already better than for the 45° probe, has increased the
edge waves, which widen the main lobe. In Figd)swe  maximum signal strength in the modeled curve by 4 dB. We
present the measured and the modeled directivity, where trgppose that the modeled edge waves from the left-hand side
latter has now been obtained with the nonunifgfishown  of the source domain are still too strong, since the a§le
in Fig. 8. The width of the main lobe of the measured and the=63° of the modeled main beam is 4° too low as compared
modeled directivity are now in good agreement. The enwith the measured main beam.
hanced directionality has increased the maximum signal

strength in the modeled curve by 8 dB. 3. Time-domain signal

In Fig. 7(d) we give the measured and modeled time-
domain signal ofv, for an observation anglé=67°. We

In Fig. 7(c) we give the measured and modeled time-have used the nonuniform traction amplitugf® of Fig. 8 in
domain signal ofv, for an observation angl@=49°. We the evaluation of the modeled signal. At 21u8 a focused
have used the nonuniform traction amplitugf® of Fig. 8 in  shear wave arrives, which is the dominating feature of the
the evaluation of the modeled signal. At 183 the head signal. The measured signal looks a bit triangular due to the
wave HI arrives, which is followed at 19,2s and 20us by = moderate sampling frequency in relation to the frequencies
the edge waves Sr and SI, respectively. As for the precedinigp the focused wave. As for the preceding transducers, the
transducers, the correspondence between the arrival timesrrespondence between the arrival times and the relative
and the relative magnitudes of the measured and the modeledagnitudes of the measured and the modeled signals is quite
signals is quite good, while the signal shape of only thegood, while the signal shape of only the strongest edge wave
strongest edge wave is predicted satisfactorily. is predicted satisfactorily.

3. Time-domain signal
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V. CONCLUSIONS T(x.y,t)=g%8(t) S()[H(y+w) —H(y—-w)], (A1)

We have presented source models for the compressiofphereg? is the traction amplitude giving the strength of the
wave contact transducer and the shear wave angle beaife source. This line source generates a wave field

transducer(probg. Both models are based on an equivalentG,(x,y,z,t) with the following symmetries:

line source distribution of normal traction over the source _ _

aperture. The elastodynamic space—time domain Green's Cx(X¥:ZD=Cx(X,—y.z)==Gy(=xy.z1), (A2)

function for a uniform line source on a half-space has been G (xy,zt)=G,(—-x,y,zt)=—Gy(x,—V,zt), (A3)
. . . . y 1 ’ 1 y 1 1 L y 1 1 1 1

obtained in closed form. In view of this, these models have

enabled us to efficiently and accurately simulate the three-  Gz(X,y,Z,t) =G,(—X,y,z,t) = G,(X,~Y,z1). (Ad)

dimensional, time-domain elastodynamic wave field that igy, ey of these symmetries, we will only consider observa-
generated in a steel half-space by a given ultrasonic rangg,n hoints withx=0 andy=0. The following results have

ducer. , B , been obtained by Bakkerwith the aid of the Cagniard—De
The model calculations have been verified against mea,;|00p method®

surements for one type of contact transducer and three types T4 axact wave field due to the line source may be writ-
of probe. Validations based on the wave-field pattern have,, 45

shown that the source models yield accurate simulations as bl Sl Pl s1

far as the arrival times and the relative magnitudes of the Gyx=Gp '+Gp ' +G '+ G %, (A5)
wave TIEIdS are concerned. With the aid of the model_e here the superscript P indicates a compression wave term
wave-field patterns, the _focal spots, edge Waves, Rayleig nd the superscript S indicates a shear wave term. In turn,
waves and head waves in the m_ea;ured_yvave-ﬂeld pattergach of these terms separates into a number of contributions
could be clearly recognized. Having identified all the waves

predicted by the half-space model, it has become tractable to G ™= GF™+ G, (A6)
identify the nature and the origin of the disturbances caused Sm ~SCm . ~Shm - ~Swem . ~Swhm
by the half-cylinder used in the experimental setup. Valida- Gk~ Gk TG+ G+ G, (A7)
tions based on the directivity and the time-domain signalsyith m= + 1. The two contributions with superscripts Pc and
have also shown that the source models perform SatleaCt@C are associated with body waves, which expand with hemi-

rily. However, the shape of the signals can be difficult togpherical wave fronts. These contributions are of the form
validate due to experimental conditions.

The measurements show that in models for the probes.pem_ g°m H t—TPL)fQPCI ERTe d
the nonuniformity of the traction amplitude cannot be ig- ¢  27%u ( 0 m_(p—p‘”)(p+ PR | @
nored. This nonuniformity results in the observed attenuation (A8)
qf _the edge waves and, consequently, in an enhanced direc- am o [ 5750
tivity. csem_ 9 H(t—TS%J Im k da.
A difference between the source model and an actual © 2mu 0 L(P—p")(p+ PR
transducer is the influence imposed by the transducer on the (A9)

surface related waves, such as head waves and Rayleigihe single contribution with the superscript Sh is associated

waves. Our source models allow these waves to propagaifity the head wave connecting the Pc and Sc wave fronts.
undisturbedly along the source domain. In the experimentatnis contribution is of the form

situation, however, the transducer—steel interface does not

support an unperturbed propagation of these waves. shm_ g°m H(t—TShH(TS—1)S"
The models introduced in this paper may easily be ex- K 2T
tended to sources of shear traction, since a closed-form ex- sh s
_ ! . ) Q ExTsh
pression for the Green'’s function may also be obtained for a k
i X Im W w5 dqg
source of shear traction. 0 (p=p")(p+p"R
gam S Shr h
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: : : S W w594 (A10)
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Dutch Technology FoundatiofSTW) for financially sup-  The two contributions with superscripts Pw and Sw are as-

porting this research. sociated with waves that expand with cylindrical wave
fronts. These contributions are of the form
APPENDIX: CLOSED FORM SOLUTION FOR A LINE 9%m MPgPwe
SEGMENT SOURCE GPvem— _ 2 (- TP S Im %} (A11)
y

Here we regard the situation where the surface of the

. . . . . am MSJSWC
elastic half-space is loaded by an impulsive line source OESWC,m_ g H SWE. oW k

; pleM= — ——H({t-=T"9S"Im| ——5— (A12)

normal traction T R
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The single contribution with the superscript Swh is associ- o 2X

ated with the head wave connecting the Pw and Sw wave &x=— K(pz_qz)
fronts. This contribution is of the form

1 2
(C—S) —2p%+ 2q2} , (A27)

2
Swhm gam Swl Swc Wwawh gP:_Z(p_pW)(p+pW) (i _2p2+2q2 (A28)
G'™ =—7T—MH(t—T MH(TSWe—t)SYS y cs -
S 7Swh 2r 12
T T
In Egs.(A8)—(A13), u is one of the Lamgparameters of the s_ﬂ 2 2
elastic half-space. Further, the following arrival times show €x= A 7¢(P*=a%), (AS0)
up:
. Ey=4nL(p—p")(p+p"), (A31)
TPe=—5, (A14) ar
- £3=— 5 mp(p’—a?), (A32)
R
To=Gs (A15) 1\2
M= —a{(c—s) —262}, (A33)
r
Sh_ 5 aspy
TS'=za%+ p, (A16) MP=0, (A34)
Puc_ R 12
TH==p» (A17) MP= —7{((:—5) —252}, (A35)
R o a—
TSwe= ol (A18) M3=2n{q, (A36)
y M;=0, (A37)
Swh_ - s
ToM=28P+ =, (A19) MS=—2752, (A38)
while in Eq. (A10) there appears the time iy
253sp JPe= , A39
TShr— R"a . (A20) \/tz— (R/CP)Z— R2q2 ( )
z
Together with the time parameters, there has been introduced . sc_ i (A40)
the compression wave spe€@f, the shear wave spedtf, JtZ—(RIC2—R%?’
the horizontal distance=\x?+A? with A=y+mw, and
the distancesR=\r?+2z* and R"=yx?+ 2. Further, the 7Sh— ¢ , (A41)
parameterasP=/(CS) ~2—(CP) 2 has been employed. In V(RICH?+R%g*~t?
Egs. (A10)-(Al13), the following switches may turn the )
terms on or off: Pwe_ '
sy GETED e
r
Sh_ H I I
S=1 f (R) (CP) >0 else 0, (A21) i
e (A43)
S¥=1 if A>0 else O, (A22) JtZ— (TSwo 2’
X 2 S\ 2 g
Sh=1 if (—) —(—) >0 else 0. (A23) Swh_
RY cP T _W. (A44)
The integration limits in EqS(A8)—(A10) are ]
In the denominators of EqSA8)—(A13) there appear the
t\2 [1)2 Rayleigh factorsr,
Q*=\I|z| —| =/ - (A24)
R C 1 2 2
T R=[(C—S> —2p*+20°| +47{(p*—9?), (A45)
Q%= (E) _(C_S) . (A25) 112 2
sz[(c—s) —20?| +479(q>. (A46)

t—za®P\2 [1)\2
QSh= \/ ( ) — (—P) . (A26) Moreover, in the denominators of Eq#8)—(A10) the pa-
r c rametemp"=igx/A shows up. In the factor§, M, 7, andR
The factors in the numerators of Eq8A8)—(Al3) are the propagation coefficients
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1 2

n= (g; +9°-p?, (A47)
1 2

(= \/(C—S +0°-p?, (A48)
1 2

= (ag) -2, (A49)

_ 1\2

(= (C—S) -0, (A50)

are employed. The following parametgrandq apply in the
indicated cases

rtiz R\?2

p= E—i_ E tz— E’ —R2q2 (PC tern), (A51)
rt iz R\?2

p= E—i_ E tz— C_S —R2q2 (SC tern), (A52)
rt iz R\2

=zt Vlcs +R%gq?—t2 (Sh term, (A53)

Xt iz

q= W+ R? V2= (TPY92  (Pwc term), (A54)

Xt iz

q= W+ L V2= (TS"92  (Swc term), (A55)

Xt iz

= +——(T"92—t2  (Swh term). (A56)

(RM? (RY)?

The integrals in EqstA8)—(A10) contain an integrable sin-
gularity and have limits that depend on time. These aspects
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Modeling of finite amplitude acoustic waves in closed cavities
using the Galerkin method
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Nonlinear resonant gas oscillations in closed ducts are investigated by solving a previously derived,
quasi-one-dimensional, nonlinear wave equation that accounts for forcing, gas dynamic
nonlinearities, and viscous dissipation. This equation is solved with the approximate Galerkin
method to determine the dependence of driven oscillations upon the duct shape, forcing frequency,
and forcing amplitude. Initially, the applicability of the developed Galerkin solution approach was
studied by investigating oscillations in a straight duct, closed at both ends and periodically oscillated
at a single frequency. It is shown that the Galerkin method predictions of shock wave-like
oscillations in such ducts are in excellent agreement with results obtained with other numerical
solution techniques. Next, this study investigated the forced response of a class of horn-shaped
ducts, and it is shown that for a given forcing amplitude, there exists a nonmonotonic increase in
compression ratio as the duct’s flare constant is increased. Finally, it is shown that oscillations driven
in ducts whose shapes were chosen to provide shifting of the second and third natural acoustic mode
frequencies exhibit significant waveform distortion and non-negligible increases in compression
ratio when compared with oscillations driven in straight ducts. 2@3 Acoustical Society of
America. [DOI: 10.1121/1.1559592

PACS numbers: 43.25.Cb, 43.25.Gf, 43.25.W¥-H]

I. INTRODUCTION fronted, “saw-tooth”-shaped waves within the duct. More
Srecently, the response of shaped ducts forced at and near
gesonance was experimentally investigated by Lawrenson
from acoustic compressidn to thermoacoustiés to etall Th_ese researchers measured the forced response of
propulsion® Since the performance of these applicationsseveral d|ﬁereqt shaped dycts that were gloged at both ends.
generally improves as the amplitude of the excited oscilla!n these experiments, a linear motor periodically oscillated
tions increases, there has been an ongoing search for ndlie entire duct along its axis. This _mode of forcing eI|m|r_1ates
approaches to increase the amplitude of driven oscillation$S€@! 10sses and temperature gradiédte to heat generation
Significantly, some of these studté< have shown that the by fncupn) atthe oscnllatmg plstoﬁ.Furthermore, oscillating
amplitude of driven oscillations can be increased using ducti€ entire duct effectively produces forcing at both ends of
with axially varying cross sectional aredge., “shaped the duct, in contrast to piston forcing at only one end. This
ducts”) as opposed to constant area dufts., “straight study concluded that for a given power input, pressure oscil-
ducts”). This finding suggests that the performance of wavdations driven in shaped ducts can have significantly larger
engines’ which are propelled by large amplitude pressureamplitude at certain spatial locations than in straight ducts.
oscillations, could be improved by employing shaped ductsFurthermore, the waveforms of oscillations driven in the
For a preliminary investigation of the use of shaped ducts irthaped ducts were generally more continuous than the saw-
wave enginesand to find an optimal configuratipna solu-  tooth waveforms excited in straight ducts.
tion approach is needed that can be used in a parametric Finite amplitude oscillations in straight and shaped ducts
study with low expenditures of time and computational re-were also theoretically studied by Ilinslét al* They inves-
sources. In the search for an appropriate solution techniquéigated this problem by deriving and solving a nonlinear
an application of the approximate Galerkin method, which isvave equation expressed in terms of velocity potential. This
a specific example of the method of weighted residBialas ~ model equation accounted for all the dominant physical pro-
chosen to analyze finite amplitude oscillations in shaped andesses of the problem; i.e., linear and nonlinear wave pro-
straight ducts. This paper describes the results of this studgesses, forcing, and dissipation. The solution technique for
To date, many theoretical, numerical, and experimentathis nonlinear wave equation assumed periodic time depen-
studies have investigated the driving of finite amplitude os-dence and used a truncated Fourier series expansion to re-
cillations in straight duct$’~1°Most of these studies exam- duce the equation to a two-point boundary value problem.
ined straight ducts with a rigid wall at one end and a mov-This technique obtained approximate solutions for limit
able piston at the opposite end. Oscillating the piston at ocycle behavior of the driven oscillations, and the numerical
near the natural acoustic mode frequency of the duct resultechlculations agreed well with experimental restilts.
in the generation of finite amplitude oscillations within the Furthermore, several other approaches using finite
duct. These early studies have generally shown that forcindifference techniques have examined large amplitude, one-
at the frequency of maximum response produces steemlimensional oscillations in ducts? Vanhille and Campos-

The generation of finite amplitude pressure oscillation
within ducts has many practical applications in fields rangin
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Pozueld! derived a fully nonlinear wave equation for the Il. MODEL DEVELOPMENT
\-ﬁl‘oc'ty |r.1 a straight duct.forced by an oscillating piston. In this study, the nonlinear wave equation derived by
is nonlinear wave equation was formulated from the con-,. . 4 I . .
servation laws and the Tait—Kirkwood equation of state ThisI ! msku_ etal. was used to modgl oscillations drlven n sev-
. . . .7 eral different duct shapes. This wave equation describes
ean“O” was solvgd with a mgly.-Ume _step, implicit, S'Xf quasi-one-dimensional, finite amplitude oscillations of a ca-
point scheme starting from an initial quiescent flow condi-|gjcally perfect gas while accounting for linear and second-
tion using the Gauss method. The results of this study comgyger nonlinear processes, duct forcing, and dissipation.
pare favorably with experimental results from previousThird-order nonlinearities have been neglected in this study
studies'® Additionally, a numerical investigation by Chun to simplify the model, and it will be shown that this has little
and Kin? of straight and shaped ducts examined the oneeffect upon the results of interest. Manipulating the mass,
dimensional conservation equations of mass, momentunmomentum, and state equations, II'inskii derived the follow-
and energy directly, therefore solving a set of partial differ-ing normalized nonlinear wave equation:
ential equations in both space and time. The numerical aps2 1 {1 dsj 9P 1 220

proach used fourth-order spatial and temporal differentiation—;

2702212 a% ax 022 %2
schemes and is applicable to all duct shapes within the con‘gT Qo7 (SdX] oxX QF® 9X
straints of the one-dimensional assumption. Results pre- 2 PP b (y—1) 9® D
sented in this study show qualitative and quantitative agree- ~ ~ () gXaT aX  Q  JT oX2

ment with previously published results.

The decision to apply the Galerkin method in this study _ (r-1b P d_S}ﬂ @_ I'(X.m n §X,T)
was primarily based on the successful application of this Q [sdX] 4T oX  QF 07
method in the investigation of a variety of nonlinear prob-,,nere the normalized velocity potenti® is defined by
lems® These studies have shown that the Galerkin method
can provide approximate solutions to complex nonlinear ﬂZL @)
equations with relatively low computational cost. This is x 2wy’

apcompl_ished by_transforming thg original nonlinegr partialand X, T, v, and S are the nondimensional axial distance,

differential equations that describe the problem into SyStine ratio of specific heats, and cross-sectional area of the

tems of ordinary differential equations. The transformatlonduct, respectively. In additiony, ¢, and w, are the dimen-

of a partial differential equation into a system of ordinary sjonal axial velocity, duct length, and fundamental natural

differential equations has two distinct advantages: it simfrequency of a straight duct, respectively. Finally, E)

plifies the numerical treatment and it provides a usefulalso includes the following normalized frequency parameter

framework for understanding the physics of the problem():

Furthermore, the Galerkin method assumes no periodicity in

time, thus yielding the complete transient behavior of the  (— ﬂ’ (3)

problem starting from some initial disturbance and terminat- @Wo

ing when the solution exhibits limit cycle behavior, if such a\yhere w is the forcing frequency.

behavior exists. For example, there may exist some duct The left side of Eq(1) is the linear wave operator while

shape configurations and forcing that leads to irregular, chahe right side describes nonlinear effets., the first three

otic oscillations. termg, external forcingterms involvingI'), and dissipation
The study described in this paper consists of severaflue to viscous procességerms involving ¢). The forcing

tasks. The first task investigates whether the approximattermI’ is described by the following expression:

Galerkin method applied to a one-dimensional problem can

@

. L - 210 1dS| od
accurately determine the characteristics of forced, finite am- I'(X,T)=F — +Q —=X+(y— 1)[ — _]_ EX
plitude, oscillations in closed ducts. This is accomplished by X dr S dX] oX
comparing the Galerkin method solutions with previously EE)
published results. Upon demonstration of the applicability of Hy=DF 2 X, 4

the Galerkin method, the method is then used to investigate ) ) _ )
the driving of finite amplitude oscillations in several different Where F describes the normalized time-dependent forcing

duct geometries, including straight ducts, horn-shaped duct&‘_nq'on that accelerates the entire dugt in the aX|gI direction.
Ié is important to note that Eq1) describes the driven duct

and a specific class of sinusoidally shaped ducts. These ™~ " ! ) . :
ducts, as described by Hamiltan al 12 theoretically allow oscillations in a coordinate system that is attached to the
o , . ' . o duct. As will be seen later, the use of this frame of reference
for “control” of the magnitude and spacing of individual _. " .. D - .
. : . simplifies the application of the boundary conditions in the
natural acoustic frequencies of the duct. For this class of du

) ; _ _C(t‘;alerkin method. Finally, the nondimensional, viscous dissi-
shapes, the Galerkin technique was used to examine the "B'ationg in Eq. (1) has the form
pact of individual natural acoustic frequency shifts on driven

oscillation properties including waveform, amplitude, and EX.T)= % 9 ( @) ©)
overall compression ratioR(ax/Pmin)- ' m3S aTaX | = aX |’
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where D is a dimensionless dissipation parameter whosE ) .
magnitude is determined by experimental restilts. - Gjn ”j_; Hijn 7]n+; % (Zjnm7n7m)

- _ +2 Ejn(T) = Ljn(T)=0,
A. Application of the Galerkin method n
The application of this solution technique begins with where the subscripfsn, andmall go from 1 to the specified
the assumption that the velocity potential can be expressg@mber of included mode§;,, andH;,, describe linear pro-
by the following infinite series expansion: cessesZ;,m describes nonlinear coupling,, describes vis-
. cous damping, andt;, describes forcing. These quantities
CD(X’T):nZl Io(T)W (), ©) are descnbt—zd by the following expressions:
. . . Gjn= f W) (X)W ydX, ©)
whereW ,(X), referred to as trial functions, describe the spa- 0
tial dependence of the natural acoustic mode shapes of a .
given duct geometryto be discussed in detail lajerand H. :J' W-(X)[
7,(T) are the unknown, time-dependent amplitudes of these nJo
acoustic modes. Since in practice E@) is truncated to a A 1B 4C.
finite number of modes, the resulting solution fbris ap- oo nm_ Tjnm _ =jnm
proximate and does not satisfy Hd.) exactly. Specifically, nm Q '
when the truncated series fdr is substituted into Eq(1), 1 1 dS(X) dw
the resulting expression, called the residiR{®)], is non- Ajam=(y— 1)J WJ-(X)[ ] ; m
zero. The objective of the Galerkin method is to derive a set 0 S(X) dX dX
of equations for the time-dependent amplitudes(T), that (12)
when solved will minimize the residuaR(®d). 1 d>w,
To derive the system of equations for the amplitude  Bjnm=(y— l)f Wi (X)W gz 4%, (13
functions 7,(T), the truncated series in E€P) is first sub- 0
stituted into Eq.(1). The next step in the solution approach 1 dw, d¥,,
takes advantage of the property of orthogonality, which Cjnmzzf Wi(X) g% ax 9% (14)
states that a continuous function is zero if it is orthogonal 0
(i.e., inner product equal to zerto every member of a com- 1 dv, 1
plete sef This orthogonality property leads to the formation ~ Ejn(T)= [ fo Wi(X) g dX+(vy—1) fo W;(X)
of the following expression:

dz\Pn+{1 dS] aw,

2 Tsax d_X}dX’ (10

11

dX,

1ds| dv,
1 Xy =—= XdX
R(P(X,T))-W;(X)dX=0, (7) SdX] dX
0
N . . 1 d>v,
where the weighting functions)V;(X), must consist of a +(y— 1)f Wj(X)WXdX F 7,
complete set of functions. In this study, the weighting func- 0
tion is determined based on the duct shape and the trial func- 1 dF
tions, and will be discussed in detail later. Furthermore, the + Qj Wj(X)XdX}d—T, (15
use of natural acoustic mode shapes as trial functions also 0

satisfies the boundary conditions exactly, thus eliminatingand
any residuals at the boundary. Thus, once theVggK) is . 2
chosen, performing the integration over the duct length in | (T):(gf W-(X)[ ‘I’zn
Eq. (7) yields the following system of time-dependent n m Jo dX
1dS| d¥, ax|; 16
M Saxl ax n - (16)

coupled ordinary differential equations:
Specification of initial conditions, trial function® ,(X), and
weighting functionsW,(X) provides all the information
+ En: Ein(T) —L1n(T)=0, needed to solve Eg€8), which are numerically integrated to
determine the amplitude functiong(T) from time zero to
) . any desired time. It follows from Ed8) that the number of
En: Gznﬂz—zn: Hznﬂn+§n: Em: (Z2nmn7m) modes,N, included in the approximate solution directly de-
termines the number of coupled differential equations which
must be solved. Additionally, the number of included modes
* ; Ean(T) = L2n(T) =0, 8 aiso determines the accuracy of the solution, as will be dem-
onstrated later. Finally, oncé is determined, the conserva-
tion equations are used to determine the remaining un-

En: Glnhl_zn: H1n7/n+§n: % (Z1nmMn m)
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knowns? For example, the momentum equation is used tofABLE I. Calculation of natural acoustic mode frequencies for straight and
obtain the following expression for the nondimensional pres—zs;” shaped ducts based on E24) assuming a sound speecp] of 330
sure at any location: i

ob  1/od\>2 Straight duct Horn-shaped Horn-shaped
—=|1—(y— 1)772 O—+ 2| — Natural natural duct natural duct natural
Po JdT 2\ dX acoustic frequency(Hz) frequency(Hz) frequency(Hz)
mode €=0.165m a=25¢=0.178m «=5.75¢=0.224m
D 2P\ 17—

+FX— —==o7 . (17) 1 1000 1000 1000

T IX 2 2000 1896 1623

3 3000 2813 2314

4 4000 3737 3027

B. Trial functions

The choice of trial function®’,(x) used in the Galerkin 2 inel2 1 2
method are often solutions of simpler, yet related problems. ke(ﬂ) = (_77 + _<3> for n=123 (24)
i H n 1y

For this study,W,(x) are chosen to be the natural acoustic Co ¢ 414

modes of the same geometrically similar duct. These funCyhere ¥, (X) forms a complete set arki, are the natural
tions can be determined analytically for certain duct shapegcoustic wave numbers of the duct.

by solving the following linear wave equation, correspond-  An examination of the natural acoustic mode frequen-

ing to the left-hand side of Ed1): cies determined by Eq24) illustrates an important differ-
Rd 1 1dAod 1 92 ence between straight apd shaped ducts._Consider, for ex-
2 0, (18)  ample, the natural acoustic mode frequencies of three ducts,

T2 T T2 A AY w2 w2
JT* @ AdX X 7% IX one straight and two horn shaped, having the same funda-

where A describes the axial dependence of the crossmental natural acoustic mode frequency. Table | presents the
sectional area of a duct that may equal or differ from that offirst four natural acoustic mode frequencies, calculated using

the investigated duct. Note that E(q_8) is the Webster horn Eq (24) for these three ducts. This calculation of natural
equatior® expressed in terms of velocity potential. acoustic mode frequencies provides a quantitative measure

To illustrate the determination of trial functions used in Of the ngl-dpcumenté‘d“ shifting of natural acoustic mode
this study, consider a duct with exponentially varying axialfrequencies important to this problem. Furthermore, Table |

cross-sectional area shows that as flare constant increases, the natural acoustic
mode frequencies decrease further away from their respec-
A=A explaX), (19 tive straight duct values.

Upon determination of the trial functions, the final terms
needed for a complete description of the time-dependent am-
1dA plitude Egs.(8) are the weighting functionsw;(X). The

Adx @ (20 choice of weighting functions must satisfy the orthogonality
condition of the Sturm Liouville equatidf governing the
anda is referred to as the flare constant. For this duct shapeyatural acoustic mode shapes expressed in(E), and is
Eqg. (18) becomes defined in this study as

7P b FD W, (X)=A(X)W (X). (25)

(WQ)Z T2 @ X X2 -
d d 0 This form of weighting functions is chosen in order to sim-

Given that the frame of reference of this study is attached t®lify the first terms of Eqs(8) by reducing the summation to
the duct,® must satisfy the following zero velocity bound- & single term wheran=m. This simplification transforms

whereA satisfies the relationship

(21)

ary conditions: Egs.(8) into a system of nonlinear oscillators where the en-
ergy transfer between modes is modeled as the coupling be-
de(o,T) tween elements oscillating at the natural frequencies of the
ax duct.
(22) While the discussion above was limited to ducts with
do(1,T) exponentially varying cross-sectional areas, similar analyti-
ax cal solutions can be found for other classes of duct shapes.

For example, it can be shown that ducts with linearly varying
cross-sectional area have natural acoustic mode shapes that
are described by Bessel functions. In addition, as long as the
chosen set of trial functions forms a complete set and satis-
fies the boundary conditions, this method can be applied to
model any arbitrary duct shagwithin the applicability of

Assuming ®(X,T)=7(T)¥(X) and using the method of
separation of variables to solve E(R1) subject to the
boundary conditions described by E2), one obtains an
equation of the classical Sturm Liouville fotfhwith the
following sets of eigenfunctions and eigenvalues:

—aX o the model equationAs a result, this method can be applied
Wy (X) =exp{ > ) (COS(HWXH msin(an) in the event that the actual duct shape and the shape assumed
to determine the trial functions are not the same. However, it
n=1,23,..., (23 is important to note that the more the actual duct shape dif-
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fers from the duct shape assumed to get the trial functions
the more unrelated the actual physics of the system is fromr 1
the resulting nonlinear oscillator equations obtained from the
Galerkin procedure.

= Galerkin
m— Galerkin
== Chun & Kim (2000)
-&= llinskii et al. (1998)

1.05f

Ill. RESULTS

0

a9

First, to check the accuracy of the developed Galerkin
method solution approach, it was applied to predict the char™
acteristics of nonlinear oscillations driven in straight ducts
and the results were compared with those obtained in relater ©-95f
studies*® Next, results are presented for driven oscillations
in horn-shaped ducts, identical to those used in the mode W
development. Results from a parametric study of the influ- 0-9f
ence of the flare constant on compression ratio are presente . . . . . .
as an investigation into the optimal duct shaping for this 308 310 ontlencionai ko 316 318
class of duct shape. Finally, driven oscillations in several

; IG. 1. Comparison of driven pressure oscillations within straight ducts
dugts, W.hose shapes were Choser.] fOllOWllgg a procedure désing the Galerkin method with two other published results. Results from
scribed in a recent study by Hamiltet al:

) ) We"?e investi- Galerkin method for comparison with llinslét al. (Ref. 4 data correspond
gated for two reasons; first, to display the ability of the de-to larger forcing amplitude than that of the Chun and KiRef. 5 study.

veloped Galerkin solution approach to model-driven
oscillations in complex duct shapes, and second, to deter-

mine the impact of shifting the frgquenues Of. spgcmc naturaduct filled with 27°C R-12 refrigerantmol. wt=120.09,
acoustic modes upon the resulting duct oscillations.

Excluding the examination of numerical aspects of theyrzoéi(larzng'th-reo d?rgggsig]:al(?:rlcei;klnarr:elti:?clozog?tf())% rt'r?/ §th|s

developed Galerkin solution approach, all the reported re?e orted,b chun and Kim wasgdescpribed by the normalized

sults were obtained using approximate series solutions Con_aeameter)é o /Lw? resulting in Fa—8 9)2/9,%-5 It is

sisting of 20 modes. These solutions were rapidly computeg 0~ %o /™ %o, 9 o a

on a desktop computér10 min for over 100 oscillations on noteworthy that in spite of the fact that Chun and Kim solved
. . . a different set of model equations and used a different nu-

a 400-MHz Pentiuffi Il ), thereby allowing quick turnaround . . : . ST T

parametric studies. To obtain the coefficient in the time_merlcal solution technique, their solution is in excellent

. . ) . agreement with the Galerkin method solution. Furthermore,
dependent amplitude equations, the integrals in Bs(16) - . . . )
: T : .. the similar pressure amplitudes predicted in the two studies
were numerically solved by dividing the spatial domain into

. : - re attributed to the use of the same value for the viscosity

1000 segments, leading to a resolution of a minimum of 5 o . S

) . coefficient, which was based on the value chosen by llinskii
points per wavelength for the highest frequency mode. |

n 4
addition, a nondimensional time step of O0as used, * al'.l'he initial time evolution of the pressure at one end of a
resulting in 10 time steps per cycle for the shortest period, _. . : P )
mode. Unless otherwise noted, the dissipation cong@t straight duct driven at its f_undamental r_latural acoustic fre-
and the ratio of specific heafs) were chosen as 0.01 and quency (1 =1.0Fo=5E-4) is presented in Fig. 2. It shows

1.2, respectively. Finally, in all of the studies, the entire ductthalt the pressure amplitude increases with time until nonlin-

was oscillated by the followina sinusoidal forcing: ear processes and dissipation limit its growth and a limit
y g g cycle is established. The latter occurs when the time average

F=FgcogT). (26) per cycle of the energy supplied by the forcing is balanced
by that lost by dissipation. In this example, the initial tran-
sient behavior subsides after approximately 20 periods.
Figure 1 compares the predictions of the Galerkin Figure 3 shows the time dependence of limit cycle os-
method for forced oscillations in straight ducts with two pre-cillations forced in a straight duct and their FFT. Note that
viously published solutions of the same probléniThe re-  the power of each mode in the FFT is normalized with re-
sults describe the pressure oscillations at one end of spect to the power in the fundamental mode. Therefore, the
straight duct forced at its fundamental natural acoustic frenormalized power of the fundamental mode equals 1 and it is
guency. For one of the comparisons, the Galerkin methodot fully represented, in order to better describe the power
and llinskii et al* numerical approaches were used to solve acontent of the higher harmonics. Figure 3 shows that the
nearly identical model equatidm.e., Eg.(1)]. The one dif- power contained in the first harmonic is larger than 16 per-
ference between the two approaches, other than the differingent of the power of the forcing frequency, with the relative
solution techniques, is the exclusion of third-order nonlin-energy content of higher harmonics decreasing as their fre-
earities from the equation solved by the Galerkin methodquency increases. It should also be noted that the power con-
The third-order nonlinearities are apparently not important intent of higher harmonics provides a measure of the efficiency
the investigated problem as the Galerkin method solution i®f energy transfer between the driven mode and these har-
in excellent agreement with the llinskét al. results. The monics by nonlinear processes.
second comparison in Fig. 1 corresponds to a study by Chun  Results for the straight duct can also be used to examine

tot

nd Kim> who examined a sinusoidally driven 0.2 m long

A. Driven oscillations in straight ducts
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FIG. 2. Time evolution of pressure at closed end of_a straight duct forced aﬁIG. 4. Pressure time history at closed end of driven straight duct for cal-
the fundamental natural acoustic frequency starting from rE€t=(5E culations including different numbers of modes. The inclusion of only five

—4, Q_=1.0). Results show WeI_I-documented waveform steepening andmodes significantly overpredicts overall pressure amplitude and does not
saturation of total pressure amplitude as a result of nonlinear processes aﬂgcurately capture waveform

viscous dissipation.

the impact of the number of modes included in the calculaB. Driven oscillations in horn-shaped ducts
tions upon the accuracy of the solution. Other than choosing  This section describes the result of the study of forced

anumerically stable temporal step size, the number of modesyijiations in exponential horn-shaped ducts. The forcing
used to represent the sol_utlon exert_s the most influence upQRetficient equals that used in the previously discussed
the accuracy of the solution, assuming that an adequate Sp@t’raight duct calculationsH,=5.0E-4), and theforcing fre-

tial step size is chosen to fully resolve the highest natura{:]uenCy (1=1.36) corresponds to the frequency of maxi-
acoustic mode shape. Figure 4 displays results from calculgs, ;m response for a duct with a flare consték of 5.75.
tions including different numbers of modes ranging from five 5 en that the fundamental natural frequency of this shaped
to 20. The results clearly show that while the driven fre- 4t is 0 =1.355 [calculated using Eqs3) and (24)], the

quency is correctly captured with only five modes, the peakyegjts exhibit a hardening behavior, defined as an increase in

to-peak pressure is significantly overpredicted and the waveyg forcing frequency of maximum response with respect to
form is rather distorted. Furthermore, Fig. 4 shows that as th?ne fundamental natural acoustic mode frequency. Addition-

number of modes included in the calculations increases, thgyy given the value of the natural acoustic mode frequencies
waveform in between adjacent shock fronts is smoothed, "ereported in Table I, agreement is achieved with recent theo-

the amplitudes of the higher frequency oscillations in be+etical work? predicting an increase in the forcing frequency
tween the shock fronts decrease.

of maximum respoNSew may responss @1 (i-€., hardening
when the condition @&,> w, is satisfied.
: : : 0.2 : : : Figure Ja) displays the time dependence of limit cycle
(a) (b) S

pressure oscillations at the small end of a horn-shaped duct

" o with a flare constant of 5.75. The normalized pressure am-
018 plitude reaches a maximum of over 2.5, which is consider-
1.05 0.141 ] ably larger than the normalized amplitude of approximately
D12 0.11 predicted for the straight duct. Figur@balso presents
| gm_ a prediction obtained using only five modes, showing that
B = the compression ratio is only slightly larger than that pre-
3008 dicted by the 20-mode solution. Additionally, the waveform
0.95 0.06 and frequency of the two calculations are very similar to one
0.04L another, thus suggesting that the influence of higher harmon-
ics for this duct is less important than for a straight duct.
09 002 I|I| ] Figure 5a) also shows that the shape of the waveform no
Lig

o

. . . , , , longer resembles the saw-tooth shape found in straight ducts,
005 ey 0% O B el 000 20000 the FFT of the waveform, shown in Fig(i5, indicates that
the amplitudes of the higher harmonics are significantly
FIG. 3. (a) Time dependence of finite amplitude, limit cycle pressure os-gmaller than that of the fundamental forcing frequency when

cillations driven in a straight ductHO=5E—4, ) =1.0,cy,=330 m/s, ; ; i i i
€¢=0.165 m, and (b), the corresponding FFT. Duct shape is shown in the compared with the amplitudes of the harmonics in straight

upper right portion ofb). Note that the power in the FFT is normalized with dUCts [see Fig._ B)]. Spec@fic_ally, .Fig. o) shows that t_he
respect to the power in the fundamental mode. power of the first harmonic in this horn-shaped duct is ap-
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FIG. 5. Time dependenc@) and frequency conter{b) of driven oscilla- o

tions at the small end of horn-shaped d(et5.75,F0=5E—4,=1.36,  F|G. 6. Maximum compression ratioP(,,/Pp;) as a function of flare
Co=330 m/s,£=0.224 m. The frequency content itb) corresponds to the  constant(a). Each value ofa corresponds to a different duct shape and
calculations including 20 modgsolid line in (a)]. forcing frequency. For values af between 3.0 and 6.75, the compression

ratio is maximized at=>5.75.

proximately 2 percent of the power of the fundamental. Inincreased from 5.75 to 6.25. These findings suggest that cau-
contrast, the power of the first harmonic in the straight duction must be exercised in the design of acoustic compression
was larger than 15 percent of the power content of the fundevices because slight changes in duct shape can have a sig-

damental mode. nificant impact on overall performance.
As pointed out earlier and in previous studtésthe

natural acoustic mode frequencies of straight ducts are inteC- Driven oscillations for
ger multiples of the fundamental. Hence, energy is readily
transferred from the forced fundamental mode to its higher  As pointed out in the model development, the developed
harmonics by nonlinearities because the frequencies of the@alerkin method solution can model forced oscillations in
harmonics equal the frequencies of the natural acoustiducts having arbitrary shapes within the model assumptions.
modes of the ducts. In contrast, for horn-shaped ducts, th&o illustrate this point, the functions describing the spatial
natural acoustic mode frequencies of the system are genedlependence of the acoustic modes of a straight duct were
ally not integer multiples of the fundamental frequency; seeaised as the trial functions for the Galerkin solution of ducts
Table I. Consequently, energy transfer from the forced funwhose shapes were determined by the following equation
damental mode to the harmonics, which is by nature integedleveloped by Hamiltoret al..*?
multiplies of the forcing frequency, is not as efficient for _
horn-shaped ducts as for straight ducts. This “inefficient” S(X) = Solex an cod2mmX) + a, cog2naX) + -1},
energy transfer inhibits the formation of large amplitude har- (27)
monic oscillations, thus leading to appreciably less wavewhere S(X) is the shape of the duct and the subscripts
form steepind:* This reduction in waveform “steeping” de- m,n,..., denote the specific natural acoustic mode frequen-
creases local property gradients, thereby reducing viscouses to be shifted by amounts that depend upon on
dissipation and “concentrating” the energy supplied by forc-a,,,a,,..., respectively. Using this duct shape, it is possible
ing in the driven mode. to shift the frequencies of specific natural acoustic modes
While it was clearly demonstrated that with a given forc- with respect to those of the straight duct. For example, to
ing amplitude it is possible to excite much larger amplitudeonly shift the frequency of the second natural acoustic mode,
oscillations in shaped ducts, it is still not clear whether anm=2, a,#0, anda,,...,=0. Figure 7 presents results for
optimal duct shape can be found based on a desired perfathree different duct shapes, obtained using &), corre-
mance parameter; i.e., is it possible that the compressiosponding to shifting of the secondf{=—-0.5a;=0) and
ratio for a given volume and forcing amplitude is maximizedthird (a,=0,a;=—0.5) natural acoustic mode frequencies
for only one duct shape? This possibility was examined on &one in each cageas well as the simultaneous shifting of the
simplified framework by finding the flare constaatthat frequencies of both modesf{= —0.5a;=—0.5). Figure 7
maximizes the compression ratio for horn-shaped ducts. Figshows that for the duct in which only the frequency of the
ure 6 shows the maximum compression ratio for differentsecond natural acoustic mode was shifted, a portion of the
flare constants ranging from 3.0 to 6.75. The results prewaveform of the excited oscillations exhibited very steep
sented in Fig. 6 reveal that the compression ratio does ngiroperty gradients. However, unlike the saw-tooth waveform
monotonically increase as the shape of the duct divergedriven in the straight duct, the pressure continues to rise after
from that of the straight geometry. In fact, a significant de-this steep increase. Additionally, while the compression ra-
crease in compression ratio occurs as the flare constant i®s for these ducts do not approach the compression ratio

S(X)#FA(X)
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3" mode shift only in closed, horn-shaped ducts is sensitive to small changes in
£2=0.9475 duct shape and scales nonmonotonically with flare constant.
I Finally, results were presented using trial functions based on
] a duct shape different from that of the actual duct shape in
I order to demonstrate the ability of this technique to charac-
12" &g'_"o";‘;ge shift terize driven oscillations in a wide variety of duct shapes.
] - This configuration also allowed exploration into the impact
N of the shifting of individual natural acoustic frequencies of a
NN duct. These results showed that the individual shifting of
2™ mode shift only natural acoustic frequencies can increase compression ratio
Q=0.9315 as well as maximum attainable pressure amplitude in addi-
e ST N tion to significantly impacting waveform.

e Ny
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Attenuation in a gas results from a combination of classical attenuation, attenuation from diffusion,
and attenuation due to molecular relaxation. In previous pd@der&coust. Soc. Am109 1955

(200D); 110, 2974 (2001)] a model is described that predicts the attenuation from vibrational
relaxation in gas mixtures. In order to validate this model, the attenuation was measured using a
pulse technique with four transducer pairs, each with a different resonant frequency. The attenuation
calculated using the model was compared to the measured values for a variety of gases including:
air, oxygen, methane, hydrogen, and mixtures of oxygen/nitrogen, methane/nitrogen, carbon
dioxide/nitrogen, and hydrogen/nitrogen. After the measured data is corrected for diffraction, the
model matches the trends in the measured attenuation spectrum for this extensive set of gas
mixtures. © 2003 Acoustical Society of AmericdaDOI: 10.1121/1.1559177

PACS numbers: 43.35.ARR]

I. INTRODUCTION transfer of translational energy to internal modes occurs with
a relaxation time that depends on the collisional dynamics of
Attenuation in gases results from several mechanismghe internal vibrational modes available and is different than
that transfer the translational energy of the acoustic wavehe time required to equilibrate the translational energy. The
into other forms of energy. These mechanisms include claszollisional dynamics in some gases result in relaxation times
sical effects related to viscosity and thermal conductivity,that correspond to relaxation frequencies ranging from a few
losses due to diffusion in gas mixtures, and losses due tblz up to 10 MHz, where a significant increase in attenuation
excitation and relaxation of vibrational or rotational molecu-can be observed. On the other hand, rotational modes in the
lar energy levels in the gdsClassical acoustic attenuation molecules typically have much shorter relaxation times and
results from irreversible losses of acoustic energy to heat dueonsequently usually affect the attenuation only at much
to shear viscosity and thermal conductivity across temperahigher frequencies.
ture gradients related to the compression and rarefaction of The relaxation of vibrational modes in a molecule re-
the acoustic wave. Classical attenuation is well understoodults in attenuation that is strongly dependent on the gases
and can be predicted for ideal gases, both pure and in mi¥aresent. In gas mixtures with more than two species, the
tures, as long as the viscosity and conductivity of the mixturenteractions of vibrational modes and their effect on attenu-
are known. Attenuation due to diffusion occurs in mixturesation were not fully quantified until recently. To remedy this,
when light gas molecules diffuse faster than heavier onetwo of us, Dain and Lueptow, developed a model that de-
locally changing the mixture composition as the acousticscribes molecular relaxation for mixtures of gasé brief,
wave passes. This loss of entropy in the arrangement of mothis model numerically solves the Euler gas equations and
ecules results in a reduction in the energy in the acoustithe population equations for the energy states of the mol-
wave. Attenuation related to diffusion is largest for mixturesecules (including  collision rates and transition
of gases having much different massésg., hydrogen/ probabilities.>" More details of the calculations in particu-
nitrogen mixtures The attenuation from diffusion can be lar as they apply to the molecular species reported in this
calculated for gas mixtures, if the appropriate constants arpaper are given in the Appendix. The calculations agree well
known? Exciting the energy states of the gas molecules anavith measurements reported in the literature for the cases

the relaxation of these states also causes attenuation. Théere they can be compargdnfortunately, the available
measurements of attenuation in gases cover only limited spe-

dCurrent address: Ford Motor Company, POEE Mail Drop 43, 21500 Oak-CIeS’ report many results Only at elevated temperatures, and

wood Boulevard, Dearborn, MI 48124; electronic mail: gal‘fsall@msu.eduComam1330n;|e discr?pandes even for single component
DEmail: r-lueptow@northwestern.edu gase$ 1 This study is focused on measurements of the at-
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Higglmfum positions are zeroed at the beginning of each test, and the
separation between transducers is measured to within 0.003
cm (0.001 inches In these measurements the distance be-

tween the emitter and receiver of each pair was adjusted
36" ! from 0.762 to 19.812 ¢n{0.300-7.800 inchesusing 75
0 steps.
ol E At the beginning of each test, the chamber was evacu-
Thermistor ‘T’*B’ L<x >4 ated to 0.0003 atr(0.05 ps), filled to 0.7 atm(10 psj with
| — f— A o 5 the test gas, evacuated again to 0.0003 atm and then filled to
¥ — = 5 4/ e a high pressuré30 atm with a precise mixture of gases. The
Stepper e e Hardened gas mixing for the chamber was controlled with mass flow

controllers and a specially designed regulator that allows the
FIG. 1. A schematic diagram of the transducer traverse system mounted gigxst chamber to be pressurized while the output pressure for
the high-pressure flange. The stepper motor moves supports 2 and 4. Thj ' L
whole assembly was sealed inside a cylindrical chamber. qﬁe mas_s_flow cont_ro_llers was held Con_Stam prov!dmg the gas
composition to within 0.01%. The nitrogen, air, oxygen,

tenuation at room temperature for several binary mixtures O%nethane, carbon dioxide, and hydrogen used in these tests
P y were all 99.99 or 99.999% pure.

practical interest including methane/nitrogen, carbon

dioxide/nitrogen, oxygen/nitrogen, and hydrogen/nitrogen ; S|r;ce atti?gu?]t,'ron der?endsr, O? freqruenqr/]dt;vm\lleorlibé/ pées-
mixtures. Our objective in this research was twofold. FirstoUre (/p), either frequency or pressure can be varied. Be-

we used an experimental apparatus similar to that usefd?yse th.f.tranSQUcers(,j are tun;efd tto a tpartlculf;]r resonant fre-
previously** but incorporating modern transducers and elec-qhuen(;]y’ ! k')S ears{ler an morehe ec |ved 0 varfy € pressurﬁ n
tronics technology, to accurately measure acoustic attenu&€ chamber than to vary the transducer frequency. Thus,

tion in gas mixtures. Second, we compare our eXperimem(,:{peasurements of the attenuation were made at the initial
results with previous results and our model results to furtheP'dn 9as pressure, and then some gas was removed from the
validate our model. chamber and the test performed again. Measurements were

made at 11 different pressures from 30—0.6 atm.

Four sets of transducers were used in a pitch—catch con-

II. EXPERIMENTAL DESCRIPTION figuration. The piezoelectric transducer pairs had matched
Measurements of the attenuation in various gases werequencies of 92 kHz, 149.1 kHz, 215 kHz, and 1 MHz.

carried out in a large cylindrical chamber with a diameter ofOther details of the transducers are listed in Table I. After the
30.5 cm(12 inche$ and a length of 91.5 cni36 inches. gas filled the chamber to the correct pressure and the trans-
Figure 1 shows the transducer traverse system mounted éhicers had been moved to the appropriate separation dis-
the high-pressure flange that seals one end of the chambé&ances using the stepper motor, the first emitter was excited
The supports(labeled 1-5 hold four sets of transducers, With a burst of 10 pulses at the frequency of the transducer
with supports 2, 3, and 4 each holding both an emitE®r  pair. (Bursts of 1 and 5 pulses give similar values for attenu-
and a receive(R). The acoustic measurements are made beation, but the amplitude is smaller, so 10 pulses were pre-
tween an emitter on one support, for example, support 1, ant¢rred) Accounting for the speed of sound in the gas mixture
a receiver on the next support, in this case support 2, with &eing tested, the signal that corresponded to the original
separation distance A between the transducers. A stepper mpelse measured at the receiver was recorded. In addition, the
tor drives an Acme screw to displace supports 2 and 4 with @ressure and temperature in the test chamber along with
resolution of 0.001 cn{0.0005 inchesper step, while the other parameters were recorded. Each emitter was energized
other support$l, 3, and % remain stationary. The transducer individually and after all four emitters had been pulsed, the

TABLE |. Data related to the transducers, including: transducer ra@ygransition point R?/\), and the fit region used in the analysis for the individual
gases for each transducer pair.

Fit Fit Fit Fit Fit
R?/\ region R2/\ region R2/\ region R2/\ region R2/\ region
Frequency R (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
(kHz) (cm) air air O, 0O, CH, CH, cO, CcO, H, H,
9 1.3 4.52 12.700- 4.42 12.700—- 3.49 12.700- 5.56 7.620— 1.20 12.700-
19.812 19.812 19.812 12.700 19.812
149.P 0.9 3.51 7.620— 3.43 7.620— 2.71 7.620— 4.32 7.620— 0.93 7.620—
19.812 19.812 19.812 12.700 19.812
215 0.6 2.25 7.620— 2.20 7.620— 1.74 7.620— 2.77 7.620— 0.59 7.620—
19.812 19.812 19.812 12.700 19.812
1000 1.0 29.07 0.762— 28.42 0.762— 22.44 0.760— 35.74 0.760— 7.69 0.762—
7.620 7.620 7.620 2.540 7.620

8Manufactured by ITC.
PManufactured by Etalon.
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0 50 100 150 200 FIG. 3. Amplitude vs separation distance for 100% methane, the 215 kHz
] transducers, and a pressure of 3.18 atm. The amplitude was evaluated as the
time (usec) maximum or largest value of the data gequares the minimum or absolute

value of the most negative value in the data @#tcles, and the sum of
FIG. 2. Raw signals from the 215 kHz transducer in 100% methane at @&ach point in the data set squar@dangles. The curves are least-squares
chamber pressure of 3.18 atm at two different separation distances, 4.064 g to the data.
and 15.240 cm.

transducers were moved to a new separation distance and tHee, as shown in Fig. 2 for the 215 kHz transducer with
measurement was repeated. When the range of separatidd0% methane at a pressure of 3.18 d#6.76 psi. The
distances had been covered, the pressure was reduced for gieire data set of 512 points was recorded ovepd@or the
next set of tests, and the test protocol was repeated. 1 MHz transducer, 20@s for the 149.1 and 215 kHz trans-
Measurements were made in several gases, both puﬂ:!,lCeI’S, and 40QLS for the 92 kHz transducer. The form of
gases(oxygen, methane, and hydrogeand mixtures(air,  the wave packet is typical of the transducer response and
oxygen/nitrogen, methane/nitrogen, carbon dioxide/nitrogengdoes not show the first reflection, which arrived }@2after
and hydrogen/nitrogen (Pure carbon dioxide has such a the original wave for the 4.064 cm separation distance. Even
strong attenuation that the resulting pulses at the receivéhough the emitter was excited with only 10 pulses, ringing
were below our detection threshold, so data could not pb@f the emitter results in two to three times that number of
obtained in this caseThe mixtures were tested in concen- peaks in the voltage being recorded at the receiVEne
tration steps of 20% from 20—80%. The chamber was agecond series of pulses at about ki are anomalous sig-
ambient temperature, with an average temperature during 22ls possibly related to transducer ringing or reflections from
test between 292.6 and 298.6 K. While this temperaturéhe mounting system. They were omitted from the analysis.
range is relatively small, it affects the attenuation to somelhe decrease in amplitude resulting from attenuation as the
extent. Using our model of attenuation, we estimate that théeparation distance is increased from 4.064 to 15.240 cm is
attenuation can change by a maximum of 10% over this temevident in Fig. 2.
perature range, depending on the gases present. However, the Three methods were evaluated to measure the amplitude

temperature range for any given test was smaller, varying b9f the signal at the receiver: the maximum of the sidfeat-
1.0-3.5 K. est value observedthe minimum of the signalabsolute

value of the most negative value obseryeghd the integral
of the square of the signal, which is equivalent to the sound
intensity. No curve fitting was used for the maximum and
The harmonic acoustic pressuPedecreases with dis- minimum as the raw data has enough resolution to provide
tancez from the emitter according to points very close to the extrema. For all three methods to
P—p.e az ) eva!uatg the amplitude, the Ic_)g of the voltage amplitude
0 ' (which is proportional to acoustic pressypdotted as a func-
where Py is the amplitude of the acoustic pressure at thetion of separation distance should yield a linear relationship
emitter, anda is the attenuation. In our tests the voltage with a slope ofe, in accordance with Eq1). Figure 3 com-
produced in the receiving transducer by the sound wave ipares the amplitude of the signal evaluated using the three
proportional to the acoustic pressure. Therefore, the attenuaethods as a function of separation distance for a typical
tion can be found from the slope of the logarithm of thedata set. Although the magnitude of the amplitude depends
voltage amplitude plotted as a function of separation distancen the method of evaluation, the slope, which corresponds to
according to Eq(1). This equation is exact for plane waves, the attenuatiory, is very similar for all three techniques.
but requires a correction for diffraction of a sound waveConsequently, the maximum of the signal was used to deter-
emitted from a transducer of finite size, discussed shortly. mine the attenuation, since it is most convenient and pro-
For each gas mixture, transducer pair, and separatiovides identical results as shown in Fig. 3.
distance, the raw data consists of the receiver voltage versus In order to accurately determine the physical attenua-

IIl. DATA ANALYSIS
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tion, it is necessary to correct for any other effects that also
change the amplitude of the acoustic wave with separation
distance such as spreading and diffraction. The sound field
has many maxima and minima that approximately average
out in the near field region close to the emitting transducer so
that no correction is needed. However, a correction is needed
in the far field as the sound decreases in amplitude due to
spreading and diffraction as the distance from the emitter
increases’® It is important to measure the attenuation either
completely in the near field or completely in the far field to SN
avoid difficulty in accounting for the diffractiotf. The tran-
sition between these two regions occurs at approximately
R2/\, whereR is the transducer radius andis the wave- 0.01 . , . i
length of the sound’ The values for this transition point for 0 5 Separ;t?on (cm) 15 20

each transducer pair evaluated for pure gases used in these

measurements are given in Table I. In many cases, the tramG. 4. Amplitude of the sound wave as a function of separation distance
sition between the near and far fields occurs within the rang@r 100% methane, the 215 kHz transducers and 3.18 atm. The dots show

. . _ . i the measurements. The diffraction correction method of Pink¢Eqn(2)],
of s$parat|on dIStance(SO'762 19.812 len our exper «=0.375, is the dashed curve, and the diffraction correction method of
ments.

- o Rogerset al. [Eq. (3)], =0.397, is the solid curve.
For each gas composition and transducer pair it is nec-

essary to choose the range of separation distances Corr'[‘13‘1'e attenuation, while the term in brackets is the diffraction

sponding to either the far or near field that should be used tgorrection. Ideally, a complex wave number should be used

I e e, The Fn0es il Wer o are S10Wy s, () and () o corporate e efect of acoustc o
nitrogen were analyzed over t.he range used for the pure gatenuanon on d|ffract|o'n. In addition, Eq&2) and (3) were
The data measured in the far field was used for the threéevelgped for harmo_mc waves but not for bursts, which were
lower frequency transducers. For the 1 MHz transducer thg.Sed In these experiments. Ne\{ert_heless, b(.)th methods pro-
data in the near field was uéed but the range of data Wa\gded good results. An analysis _m_corpore_ltlng a complex
. . ; wave numbefand thereby attenuatipmto a diffraction cor-
further restricted to separation distances less than 7.620 cm

i . réction for bursts rather than harmonic waves in a relaxing
because at larger separation distances the strong attenuat||%%dium will be addressed in a separate paber
at this frequency reduced the signal to such a low amplitude The two diffraction corrections are compa.red with the

that it was no Ionger measurable. Because carbon dinidreaw data in Fig. 4 for tests of 100% methane using the 215
has greater attenuation than the other gases, the maximym,_ o~ “<qucer. In both cases. the attenuatioin Egs. (2)

separation was further restricted in these cases. and(3) was adjusted to provide the best fit with the data in
For the three lower frequency transducers, it is nNecessalyq fit region noted in Table I. In the fit region both correc-

to correct the data for diffraction in the far field. We consid- . . .
. . . . ions match the data well, but at shorter separation distances,
ered two diffraction correction methods. Pinkerton Calculatec} P

the amplitudeA on the axis of the coaxial transducers a hear the transition between the near and far field, the simpler
phitu (2), XIS X SAUCETS 8Spinkerton form follows the data better. This result was con-

A(z)=Age™ “¥sin k({22 + R 2— 7)), ) firmed by calculating the attenuation for_ all of the chamber
pressures and transducers for the gas mixtures measured. The
where A, is the amplitude at the emittek=2x/\ is the diffraction correction was applied by dividing the intensity at
wave number, andis the separation between the emitter andeach separation distance by the calculated correction at that
the receivel® A more precise diffraction correction was de- distance and then fitting the resulting curve to findApply-
veloped by Khimuniff for harmonic waves based on Will- ing the Pinkerton correction to the data in the standard at-
iams’ formula for average pressure on a recelVéRogers  tenuation spectrum form af\ as a function of/p results in
and Van Buren used a simplified version of this expressioran overlap between the data from different transducers at the
integrating the acoustic amplitude over the surface of thgamef/p (as will be evident in Figs. 5-12, which will be
emitter and the receiver, both of radi& to find a short discussed lat¢r The Rogers and Van Buren correction does
wave approximationka>1) for the total average amplitude not result in overlap of the data for the different transducers
o 2712 when plotted as an attenuation spectrum, even when the ra-
cog{ —) —JO<— dius R in Eq. (3) is replaced by an effective radius that is
S S some fraction ofR. Thus, the Pinkerton correction for dif-
2.7\ 12) 112 fraction was used for all of the data that is presented in the
_Jl(?) ’ : (3)  next section.
wheres=27z/kR?, J, andJ, are zero and first order Bessel
functions, andz is the separation between the transdué®rs.

Both of these corrections assume that diffraction and attenu-  In this section we present the results of attenuation mea-
ation are independent processes. The exponential is relatedg¢arements for several pure gases and gas mixtures, most of

* Pinkerton

Fit Region

0.1 A

Rogers et al.

Amplitude (V)

R%/A

A(2)=Age™ ﬂ[

2

+|sin
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FIG. 5. Results for air using the Pinkerton diffraction correction at an av-FIG 7 Results f . £ 20%. 40%. 60% d 80% o
erage temperature of 293.1 K. Data points are for the 92 kHz, 149.1 kHz |G- 7- Results for mixtures o 0, 40%, 6U%, an 6 OXygen in nitro-

215 kHz, and 1 MHz transducefsquares, circles, triangles, and diamonds gen using the Pinkerton diffraction correction at average temperatures of

respectively. The solid curve is the classical attenuation and the dashe 93.6, 292.8, 292.8, and 293.9 K, respectively. Data points are for the 92

curve is the empirical model from Bass al. (Ref. 1. Hz, 149.1 kHz, 215 kHz, and 1 MHz transducésgjuares, circles, tri-
angles, and diamonds, respectiyelyhe solid curves are the sum of the

. . classical and diffusional attenuation. Vibrational relaxation is negligible.
which have not been previously measured. These results are

useful in understanding the effect of gas composition on . o .
acoustic attenuation. In addition, we compare the experimerflaving frequencies of 92 kHz to 1 MHindicated by differ-

tal results with the sum of the theoretical model of Dain and€Nt symbolggive similar values. The values from the 1 MHz
Lueptow? for vibrational relaxation, the classical attenuation, transducer(diamonds are slightly higher, possibly because
and the diffusional attenuation. This allows us to determindhe results are based on measurements in the near field rather
the effectiveness of the vibrational relaxation model in pre_than in the far field, as with the other transducers. Neverthe-
dicting acoustic attenuation. The classical attenuation waess. the agreement between results from transducers differ-
calculated using the Stokes and Kirchoff formulation, andind by an order of magnitude in frequency indicates that the
the attenuation due to diffusion was calculated from Bhatia’€XPerimental apparatus and procedure are robust. Many pre-
formulations? More details on the vibrational relaxation cal- Vious experiments in air have been used to develop an em-
culations are included in the Appendix. In all cases we p|0tpirical formula for the acoustic attenuation in air at a variety

the attenuationr nondimensionalized by the wavelengtlas ~ ©f temperatures and humiditiésThe empirical model ac-
a function of the frequency divided by the pressuigy, ~ counts for classical attenuation and attenuation from relax-

which can be called an attenuation spectrum. ation of vibrational and rotational modes. The curves in Fig.
. 5 indicate both the classical component oidplid curve
A. Air and the full form of the empirical fit for ai(dashed curve

The acoustic attenuation spectrum for air is shown inThe difference between these curves comes primarily from

Fig. 5. It is immediately evident that the different transducerghe relaxation of rotational modes in the air. The increase in
a\ at higher frequencies agrees well with the classical

0.035 . - : model, although the empirical model fits the data even better.
100% oxygen The negative attenuation evident at lower frequencies arises
0.030 | 1 . : : : :
from the diffraction correction and the error in the experi-
0.025 | 1 ments. Comparable anomalous negative attenuation has oc-
0.020 1 | curred previously in similar measuremeftsEven so, the
’ empirical model matches the data quite well.
‘§ 0.015 |
0.010 |
B. Oxygen
0.005 | o 1 . .
000000 02 Pure oxygen and mixtures of oxygen and nitrogen were
0.000 - d‘JAéooo YR 1 also tested. Figure 6 shows the data for pure oxygen, while
0.005 5’0 8o”"? . Fig. 7 shows the results for various mixtures of oxygen and
T 08 10 105 108 107 nitrogen. The relaxation frequency of oxygen has been found
flp (Hz/atm) to be at about 3 Hz at atmospheric presgdnehich is below

our measurement capability. Our data agrees well with the
FIG. 6. Results for 100% oxygen using the Pinkerton diffraction correctionclassical calculations indicated by the curves in the figures.
at an average temperature of 293.3 K. Data points are for the 92 kHz, 149. ; ; Al
kHz, 215 kHz, and 1 MHz transducefsquares, circles, triangles, and dia- *heset plOIS prowdg more evidence of the rgllablllty of th.e
monds, respectively The solid curve is the classical attenuation. Vibrational €XPerimental technique. The model calculations from Dain

relaxation is negligible. and Lueptov@ are consistent with the observation that the
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FIG. 8. Results for 100% methane with the Pinkerton diffraction correction ) )

at an average temperature of 293.9 K. Data points are for the 92 kHz, 149 fl'G. 10. Results for mixtures of 20%, 40%, 60%, and 80% Gthitrogen

kHz, 215 kHz, and 1 MHz transducefsquares, circles, triangles, and dia- with the Pinkerton diffraction correction at average temperatures of 292.6,
monds, respectively The solid curve is the calculations based on the vibra- 2937, 293.5, and 294.0 K, respectively. Data points are for the 92 kHz,
tional relaxation model of Dain and Luepto@Ref. 3 summed with the ~ 149.1 kHz, 215 kHz, and 1 MHz transducésguares, circles, triangles, and
classical attenuation. The dotted curve represents the experimental resufli@monds, respectivelyThe solid curves are the calculations based on the
from Gravittet al. (Ref. 9, and the dashed curve the results from Edmond vibrational relaxation model of Dain and LueptgRef. 3 summed with the
and Lamb(Ref. 24. classical and diffusional attenuation.

classical attenuation should be the dominant factor with negiémperatures. Fits to these measurements are included in Fig.

ligible relaxational attenuation in mixtures of oxygen and8 @s dashed and dotted curves, respectively. Our measure-
nitrogen. ments agree better with the results of Edmond and Lamb.

The variation in attenuation between researchers may result
from the sensitivity of attenuation in gases to impurities. In
C. Methane particular small concentrations of water can cause a large

The study of methane provides a case where a stron@hift in the relaxation peak of the attenuation spectrum in
relaxation frequency is present in the range of frequencie§ther gases®?° The calculations of Dain and Lueptdw
measured. The attenuation spectrum for 100% methane (§olid line) agree fairly well with the measurements, al-
shown in Fig. 8. Again the different transducers agree fairlythough the amplitude of the attenuation peak is slightly lower
well. The attenuation for 100% methane has been studietan the measured peak.
previously. Studies by Edmonds and Lathand by Grauvitt, The attenuation spectrum for mixtures of methane and
Whetstone, and Lagemahwere carried out using acoustic nitrogen are shown in Fig. 9. The results from the different

resonance tubes in a similar frequency range and at simildfansducers at the saniép overlap quite well. In addition,
the Dain and Lueptow model predicts the attenuation spec-

0.0 trum very accurately. The relaxation peak shifts to a higher
20% methane in nitrogen  140% methane in nitrogen frequency and increases in magnitude as the fraction of
methane increases. This is related to the increasing domi-
nance of methane relaxation modes as the fraction of meth-
EZAON ane increases.

0.03

0.02

0.01

0.00

< 0.04 D. Carbon dioxide

The attenuation spectra for mixtures of carbon dioxide
in nitrogen are shown in Fig. 10. The different transducers
again give fairly similar results. Like the relaxation fre-
guency in methane, the amplitude of the peak increases with
increasing concentration of carbon dioxide, but the shift in
frequency is much smaller than it is for methane/nitrogen

L A mixtures. Also note that the magnitude of the attenuation is

fIp (Hz/atm) substantially larger for carbon dioxide than for methane.

FIG. 9. Results for mixtures of 20%, 40%, 60%, and 80% methane in C_arbon dioxide has been studied so extensively t.hat .'t IS
nitrogen with the Pinkerton diffraction correction at average temperatures otised in many textbooks as an example of attenuation in a
293.2, 293.0, 293.4, and 295.0 K, respectively. Data points are for the ans_z Leonard’ and Frické® measured the attenuation in
kHz, 149.1 KHz, 215 kHz, and 1 MHz transducdsguares, circles, tri- 10 carhon dioxide at the same frequency and temperature
angles, and diamonds, respectiyelyhe solid curves are the calculations .
based on the vibrational relaxation model of Dain and LueptBef. 3 range as the present eXpe”me_nt- Leonard used a pulsed tech-
summed with the classical and diffusional attenuation. nigue to measure the attenuation and found the peak attenu-

0.03

0.02
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FIG. 11. Results for 100% hydrogen with Pinkerton diffraction correction at . .

an average temperature of 293.8 K. Data points are for the 92 kHz, 149.FIG. 12. Results for mixtures of 20%, 40%, 60%, and 80% hydrogen in
kHz, 215 kHz, and 1 MHz transducefsquares, circles, triangles, and dia- nitrogen with the Pinkerton diffraction correction at average temperatures of
monds, respectively The solid curve is the sum of the classical and diffu- 298.6, 298.2, 297.9, and 297.8 K, respectively. Data points are for the 92

sional attenuation. The filled circles are data from Winter and (Riéif. 30.  kHz, 149.1 kHz, 215 kHz, and 1 MHz transducdsgjuares, circles, tri-
angles, and diamonds, respectiyelyhe solid curves are the classical and

diffusional attenuation. The vibrational relaxation is negligible.
ation of aA=0.125 atf/p=230 kHz/atm. Fricke measured

attenuation in a cubical resonance charfiband found the  gits show a large increase in attenuation per wavelength
peak attenuation okA =0.115 atf/p=20 kHz/atm. For our  (,)\) above 1 MHz as indicated by filled circles in Fig. 11.

experiments at 100% carbon dioxide, the attenuation was Spne slight excess energy absorption above the classical case
strong that the signal arriving at the receiver was too small t‘?nay be related to rotational relaxation in hydrogen with a
be reliably detected even for very small separation distanceﬁeak near 20 MHz that affects attenuation above 1 MHz.
However, considering the trend with mcree;smgﬂfbncen- Figure 12 shows the attenuation spectrum for mixtures
tration in nitrogen, one could expect 100% £® have a  4f hydrogen/nitrogen. The scatter observed in the mixtures is
relaxation peak at a frequency slightly higher than the valugimilar to that seen for mixtures of oxygen and nitrogen. The
of f/p=28 kHz/atm and an amplltude0h|gher than the valuecgicylations for classical attenuation plus the attenuation due
of X =0.10, that we measured for 80% & N,. Further- 4 giffusion match the experiments for lower frequencies but
more, the slight upward shift in the measured relaxation frefy)| pelow the experimental results at high frequencies, espe-
quencies and the noticeable increase in the magnitude of thg,ly for higher concentrations of hydrogen. The discrep-
relaxation peaks in Fig. 10 are consistent with previous measncy hetween the calculations and the data is presumably due

surements for small amounts of carbon dioxide in nitrogfen. 4 the rotational relaxation of hydrogen at high frequencies.
The calculations for carbon dioxide from our model pro-

vide a qualitative representation of the experimental results.

The similarity of the frequency for the relaxation peak in theyy. CONCLUSIONS

attenuation spectrum with increasing £@oncentration is ) o ) )

fairly well reproduced. However, the model underestimates ~ ACOUSTIC attenuation in gases is challenging to measure
the amplitude of the relaxation peak, especially for high,CO and pre(_j|ct._NevertheIess, we h{ive been ab_le to measure the
concentrations. This discrepancy could be the result of th@ttenuation in pure gases and binary gas mixtures. The mea-
linear structure of the carbon dioxide molecule, which wasSurements are in good agreement with previous data. Air and

probably not adequately taken into account in the model fofMixtures of oxygen and nitrogen measured using our experi-
the collisional dynamics. mental technique agree well with previous measurements.

Our calculations based on the Dain and Lueptow model
agree well with experiments for methane and mixtures of
methane and nitrogen. In particular, the calculations repro-
The acoustic attenuation spectrum for 100% hydrogen isluce the shift in frequency and magnitude of the relaxation
shown in Fig. 11. In this case the values for different transpeak with increasing methane concentration. Also the calcu-
ducers do not agree as well as for the other gas mixturesation for mixtures of carbon dioxide and nitrogen qualita-
One problem is that the speed of sound in hydro806 tively agree with the data, showing that the frequency of the
m/s) is much higher than that in any of the other gases. Thigelaxation peak in the attenuation spectrum does not shift
results in reflections arriving more quickly at the receiversignificantly with increasing C® concentration, while the
and being more likely to interfere with the attenuation mea-magnitude does increase. The model also does well in pre-
surements. More noise may also be present in the systedicting negligible vibrational relaxation for hydrogen. Be-
from the excitation of the emitting transducer. cause the model does not include rotational relaxation, it
Winter and Hill measured the attenuation in pure hydro-does not match the measurements for attenuation at higher
gen at high frequencies using a pulse technitfuEheir re-  frequencies in hydrogen. Although the Dain and Lueptow

E. Hydrogen

J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003 Ejakov et al.: Attenuation in gas mixtures 1877



TABLE Il. The collisional diametefo), the force constants:(;), the vibrational modes, the degeneracigs
and the vibrational amplitude coefficients for gases that are necessary for the relaxational attenuation calcula-
tions with the Dain and Lueptow modéRef. 3.

€Ly Normal modes of Vibrational amplitude

Gas o (R) (cal mol™?) vibration (cm™?) g coefficients(amu?)

O, 3.548 175 v=1554 1 0.0625

N, 3.546 159 v=2331 1 0.0714

CH, 3.759 286 v,=2915 1 0.9921
v,=1534 2 0.9921
v3=3019 1 0.9923
v,=1306 3 0.8368

Hy 2.761 75.5 v=4160 1 1.0

CG, 3.99 378 v,=1333 1 0.05
v,=667 2 0.05
v3=2349 1 0.05

model should be applicable to gas mixtures of three or morand Lueptow!, can be easily generalized for the mixtures
components, further testing is necessary to validate thender consideration in the present paper. We assume that

model in these cases. energy exchange occurs between all vibrational modes.
Table Il provides collisional diametéo), the force con-
ACKNOWLEDGMENTS stants €.;), the vibrational modes, the degeneracigs3, (
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APPENDIX We assume that at room temperature only one-quantum

collisional reactions are possible. The calculation of transi-

Acoustic attenuation in a gaseous medium results fromjon probabilitiesPéjg(j k) and Pé:g(j k) is based on the
viscous dissipation, irreversible heat conduction, diffusion ofapproximate formulas of transition probabilities for poly-
gas components, and molecular relaxation. The theoreticgtomic gases derived by Tanz&he depth of the potential
curves in this paper are based on appropriate models for eagfiell ¢, ; and the vibrational amplitude coefficients are pro-
of these phenomena. The total attenuation is the sum of thgided in Lambert® The vibrational amplitude coefficients
attenuation due to all three mechanisms, each addressest carbon dioxide were adjusted using known vibration re-
separately below. All calculations were carried out for a tem4axation frequency and experimental attenuation curve for
perature of 292 K and a pressure of 1 atm. pure CQ. The adjustable values of the collision diameter in

Classical attenuation: The attenuation related to viscoughe Lennard-Jones potential related to the gases of interest
dissipation and irreversible heat conduction are based on thgere obtained by the method outlined by Hirshfeldeal 34
classical formulation by Stokes and KirchHofising the  The temperature dependent collision diameter for low energy
shear viscosity, the thermal conductivity, and the specificollisions,, was calculated using the kinetic theory formula
heats for the gas mixtures calculated according to commerEgs. 8.4—8.5 of Ref. 34or the gas viscosity data and tabu-
cial software®! lated values of the kinetic integréfl. The attenuation due to

Diffusional attenuation: The attenuation due to diffusionrotational relaxation was not included, because its contribu-
of the gas components is calculated using Eq. 14.3.19 ifion is quite similar to the classical contribution at the fre-
Bhatig with the mutual diffusion coefficients from Lid#, guencies consideréd® and except for hydrogen/nitrogen

and neglecting thermal diffusion. For the gas mixtures studmixtures, it is small in the range of frequencies for which
ied here, attenuation from diffusion is negligible although wemeasurements were made.

have included it in the calculations. An exception occurs in
the case of mixtures of hydrogen and nitrogen.
Relaxational attenuation: The theory of relaxational at-, . .
. . . . . H. E. Bass, L. C. Sutherland, J. Piercy, and L. Evans, “Absorption of
Fenuatlon for V|brat|0na! modes'of a polyatomic gas mixture ¢ 4 by the atmosphere,” Rhysical Acousticsedited by W. P. Mason
is based on the acoustic equations for a plane wave processacademic, Orlando, 1984Vol. XVII, pp. 145-232.

in a continuous medium accompanied by semimacroscopi¢A. B. Bhatia, Ultrasonic Absorption(Dover, New York, 1984

% . . . o
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pop 9 9 gas mixtures—Theory,” J. Acoust. Soc. Arh09, 1955—-19642001).
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ture including internal molecular energy states. These equaZM- N. Kogan,RCarIefde Gas ]l?yhgmip(flelnur}m New York, 196])9 .
; ; ; ; ; ; ; F. Tanzcos, “Calculation of vibrational relaxation times of the chlo-
tions yield a linear system of ordinary differential equations :
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Scattering of the fundamental shear horizontal mode from steps
and notches in plates
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The scattering of the SHO mode from discontinuities in the geometry of a plate has been studied.
Both finite element and modal decomposition methods have been used to study the reflection and
transmission characteristics from a thickness step in a plate, obtaining very good agreement. The
significance of nonpropagating modes in the scattering from steps in plates has been specifically
investigated. A method to approximate the reflection from rectangular notches by superimposing the
reflection from a step dow(start of the notchand a step ugend of the notchhas been proposed.

It is demonstrated that it is possible to use this method to obtain the reflection from a notch of any

depth and at any frequency. The effect of frequency on the reflection from notches has been
examined. The limits of this method in approximating cracklike defects have also been studied.

© 2003 Acoustical Society of AmericdDOI: 10.1121/1.1554694

PACS numbers: 43.35.Cg, 43.20.FrHB]

I. INTRODUCTION mode conversion to Lamb waves when the polarization is
along the long defect dimension. SH waves are also very

tant topic. Several nondestructive testifidDT) techniques similar to Forsional waves in p!pes SO In most cases the re-
are currently used for the detection and sizing of defects iﬁ“'t? obtained fqr S.H waves in plates can be extendgd to
plates. Among them, ultrasonic techniques offer good ﬂexjorsmnal waves in pipes. This is of great |r_1terest _espema!ly
ibility due to the numerous test configurations available de_b_ecaijset_ t‘;gs"’”a' waves are established in use in practical
pending on the specific problem. Conventional ultrasonié)"oe_l_ﬁS n b t of thi is ine the reflecti f
tests inspect the region of structure immediately adjacent t € subject of this paper IS o examine the refiection o

the transducer, therefore limiting the single test range to ihe fundamental SHO mode from thickness changes, notches,

small area. Alternatively, it is possible to use guided wavesand cracks in plates. The interaction of guided elastic waves
' in plates and pipes with discontinuities such as thickness

which can potentially propagate along a plate structure witH .
P Y propag gap teps has been already studfefiKoshibaet al® proposed a

minimal attenuation of the ultrasonic signal, to increase the . o ) .
gmbmed finite element and analytical technique for the

single test range. Moreover, guided waves produce stressé& , i i
g g g P analysis of the scattering of SH waves by steps in plates.

th h the thick f the plat bling th ings. "~ . . .
tiorr?uogf theeentilrce ?r?iiin(:ass ifpﬂ?eep?;[eena ng the examln%mﬂ studied the scattering of guided SH waves from steps
' én plates in terms of energy reflection and he also explained

Practical ultrasonic guided wave testing of plates can b imod flocti h th i
done using a simple pulse-echo arrangement with a singlg]e muitimode retlection when more than one propagating
de can potentially travel along the waveguide. EfAgan

transducer which generates the desired wave and receives tﬁrg’

The detection of corrosion defects in plates is an impor

echoes caused by the defects present in the structure. Usitl st|ga_ted torsmn_al wave ss:attermg from diameter chgnges
T a circular solid rod using the modal decomposition

this test configuration a line is monitored. It is also possible X :
to create a rapid scan of plate structures by using an array ethod. Several researchers have studied the reflection char-
gcteristics of guided waves from notches in plates and

transducers positioned at one location on the plate to b€,
tested: However, guided wave testing is complicated by the
nature of the modes. At any given frequency there are at lea . ) -
two modes and they can be dispersive, so in the most gener%ates‘ The examination of the reflection coefficient as a
case the ultrasonic signal will be multimodal and dispersive.unCtIon of the n(_)tch width has identified the |mp_ortant phe-
It is possible to generate a single mode signal but this can b omenon of the interference between the reflection from the

H ,10,13
converted to a multimode signal when interacting with dis-tWO _T_'f?es .Of afnt?:cﬁ. s 10 ] tigate th ibility of
continuities in the structure. It is also wise to use the single € aim ot this paper 1S to investigate the possioility 0

mode signal in a nondispersive frequency region so that thBredicting the reflection from a notch by superimposing the

signal is not distorted as it travels along the structure. Therer_eflectlor)s from a thickness step doustart of .the. .notch
nd a thickness step Wend of the notch The significance

fore an optimization of the guided wave inspection techniqueaf i des in the reflection f di Ginui
is commonly required=* of nonpropagating modes in the reflection from discontinui-

In general, two different families of guided waves can ties and the relationship between crack and notch reflections

exist in a free isotropic plate: Lamb waves characterized b@re also discussed.

the fact that the particle displacement is in the plane of In this paper both finite element and modal decomposi-

propagation and SH waves in which the particle displace:['on methods are used to investigate the effect of a thickness

ment is perpendicular to the plane of propagation. SH wavestep on the propagation of the fundamental shear horizontal

can be very useful in practical testing because there is nWOde,’ the modal decomposition engbllng a fuller under-
standing of the effect of nonpropagating modes on the scat-

pipes®®~1Both Lamb wave$'°and SH waves't have been
investigated in terms of their interaction with notches in
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10 This study considered an incident SHO mode in all cases

and the region under examination was 0-0.55 MHz mm
(e.g., 0—-100 kHz for a 5.5 mm plateThis relatively low
8t SHI SH2 SH3 SH4 frequency range is of particular interest to the authors be-
cause of the immediate generalization of this study to the
fg 6l case of pipes with notches where a low frequency torsional
3 wave is used in order to have a long range for a single test
= (from 10 to 100 m depending on the applicatidMoreover,
L4 it is of general interest to study the effects of nonpropagating
SHO modes on the reflection from defects and this is best viewed
when only one propagating mode can exist in the wave
2r guide.
A nonpropagating mode can be thought of as a local
0 vibration of the structure which does not propagate away
0 2 4 6 from the point where it is generated. Partial wave theory
Frequency-Thickness (MHz-mm) gives extra physical insight on how to relate the phenomenon
FIG. 1. Phase velocity dispersion curves for a steel plate in a vacuum. Onl9f nonpropagating modes to the frequency of the wéie.
shear horizontal propagating modes are traced. fact, if we consider a propagating mode and we decrease the

frequency, the angle of incidence of the partial wave de-

tering characteristics. The modulus and phase of the refle&r€ases, becoming zero at the cut-off frequency. At the cut-
tion coefficient at a step-downwhen the thickness off frequency, the partial waves simply reflect back and forth

decreasésand step-ugwhen the thickness increagesere ~ aCross the thickness of .the waveguid_e and there is no vqria—
used to simulate the signal reflected from a rectangulafion of the stress and displacement field along the direction
notch. Therefore we reproduced the interference phenonff Propagation. The wave number, which is real in a propa-
enon between the reflection from a step-down and a step-uf@ting SH mode, is zero at the cut-off and becomes a purely
and we then compared our predictions with the finite elemenffaginary number at lower frequencies. Consequently, the
results obtained for notch cases with varying axial extentdisplacement field will be different below and above the cut-
The effect of frequency on the reflection from geometrical®ff freéquency. SH modes have only one component of dis-
discontinuities in plates has also been considered. Finally, thelacement. The direction of propagation is here definer| as
limits of the method proposed in this paper to predict theth® particle displacement is in thedirection andx is the
reflection coefficient from notches have been examined. 1dhrough thlckpess direction. Therefore the displacement field
particular, a study of the reflection from notches when the@n be described by:
axial extent tends to zerécracklike casg has been per- U= A el (Krea2= 00 g~ Kimag? 1)
formed, and a verification of the convergence of the notch ooy ’
case to the crack case as the axial extent decreases has begfereA, is the amplitude of the displacemehts the imagi-
shown. nary unit (== 1), Kres andKiyag are, respectively, the real
and imaginary parts of the wave number,is the circular
frequencygz is the direction of propagation, ands the time.
From Eq.(1) it is clear that the displacement, which is a
Shear horizontalSH) waves in an isotropic plate in sinusoidal wave when the wave number is real, becomes a
vacuum can be expressed explicitly as suggested by uld. decreasing exponential curve for a nonpropagating SH
Figure 1 shows the phase velocity dispersion curves for aodé* so its effect decreases exponentially with distance
steel plate in vacuum. The curves scale linearly with fre-from the point where the nonpropagating mode is localized.
guency and thickness so that the use of the frequency- Figure 2 shows the attenuation curves for the nonpropa-
thickness scale on the abscissa allows these curves to be uggating modes in a plate in a vacuum. An infinite number of
for a plate of any thickness. They were calculated using th@onpropagating modes exist at any given frequency, but only
program Dispers&, developed at Imperial College. SH the first five of them are plotted in Fig. 2. The ordinate is the
waves can be either symmetric or antisymmetric but we didattenuation(in dB mm/m) of the decay function and it is
not differentiate the two families of SH modes in this papergiven by:
and simply used a counter variable to distinguish the differ-
ent modes. The modes with even counter variable are sym-
metric and the modes with odd counter variable are antisym-
metric. The fundamental SH mode, existing at zero
frequency, is the SH@symmetri¢ mode. The properties of wheret is the thickness of the plate amg,,4 is the imagi-
this mode are not frequency dependent: it is completely nonrary wave number in Eq1). The attenuation of each mode
dispersive at all frequencies and its phase velocity is the bulkecreases as the frequency increases and it becomes zero at
shear velocity. The next mode appearing is the Sbiiti-  the cut-off frequency. Moreover, at any frequency value the
symmetrig mode and its cut-off frequency is at about 1.6 attenuation increases with the counter variable of the SH
MHz mm. mode. The SHO mode is not traced in Fig. 2 because it is the

Il. SH WAVES IN PLATES

attn=t-20 log , (2)

e kimag
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1.510° . . of strain. In the case of SH waves, the displacement is nor-
mal to the plane, so such an approximation cannot be taken.
Nevertheless, an approximate approach using an axisymmet-
ric idealization has been found to work very satisfactorily.
The implementation of the approximate method uses a two-
dimensional(2-D) axisymmetric model of a pipe with large
diameten(a pipe with infinite diameter approximates a pjate
The waves travel in the axial direction and the displacements
are in the circumferential direction. Thus the SHO mode in a
plate is approximated by an analysis of th®,I) mode in a
large thin walled pipe. Further details of the use of the 2-D
axisymmetric analysis of cylinders with large diameter to
approximate the 3-D analysis of wave propagation in plates
2 4 6 8 is given in Ref. 22. The advantage is that the axisymmetric
Frequency-Thickness (MHz-mm) analysis allows displacements in the direction normal to the
FIG. 2. Attenuation curves for a steel plate in a vacuum. Only shear hori-elemem,(the Clrcu,mfereml?l dlreCtI()n thIS degree. of free- .
zontal nonpropagating modes are traced. dom is included in most implementations of axisymmetric
elements in order to allow analyses of problems with non-

only mode which has real wave number at all frequenciesZero circumferential harmonics. Therefore a standard finite
Another important characteristic of the SHO mode is that its€lément program can be used without the need to write spe-
displacement is constant through the thicknésse Fig. cific code. Both the axial extent and the depth through the
3(a)]. Figure 3b) shows the mode shape of the antisymmet—thiCk”eSS of a defect can be varied using this model. The
ric SH1 mode. The mode shapes of the higher order mode&xisymmetric nature of the model implies that the defects
are characterized by an increasing number of zero crossingtend over the full circumference of the pipe so they are
through the thicknesizero for SHO, one for SH1 and so)on equivalent to notches in a plate that are infinitely long in the
The stress field of SH modes is also relatively simple direction normal to the propagation.

This is characterized by two components of stress: In all cases a finite length of the system was modeled
and a geometrical discontinuity was introduced at some dis-

_ y _ 3 tance along it. The input wave signal was excited by pre-
Tyz=CaaTh Txy = Caa © scribing time-varying tangentialu() displacements at one
) . end of the model. Since the SHO mode shape is constant with
wherecy, is the shear modulus. The, stress component is  eqyency, pure mode excitation was obtained by simply im-
d|rectly. proportional to theu, displacement so its mode posing the mode shape at the center frequéhdhe dis-
shape is the same as the mode shapeiforThe 7,, COM- 55 cement distribution was constant through the thickness in

1.2510°}

110°}

7510%}

Att (dB-mm/m)

510*f

NII

0

2.510%

0

ponent is not relevant in this study. this casegsee Fig. 8)]. Identically sized lineatfour-noded
quadrilateral axisymmetric elements were used. Using finite
Ill. FINITE ELEMENT MODELS element analysis we needed to model a plate with a specific

The finite elementFE) method has been extensively thickness but the results obtained from the finite elements
and successfully used to study the interaction betweegan be generalized in terms of frequency-thickness product.
guided waves and defects in structuf€s?1-24n generala We modeled a pipe with 5.5 mm wall thickness and 1.5 m
three-dimensional3-D) solid model is required to perform a radius and performed a convergence test to verify that this
numerical analysis of the interaction between guided wavegadius was large enough for the system to approximate a
and discrete defects. However, 3-D models are computatiorplate; it was found that the reflection coefficient from a notch
ally expensive so when possible we use simplified motfels. in the 1.5 m radius case was the same as that from a notch of

Many studies have been done on Lamb wave interactiothe same depth in a pipe with 4.5 m radius, so confirming
with defects using two-dimensional models with the assumpthat the reflection coefficient had converged to that for a
tion of plane straiff:?>!’ However, plane strain elements plate.
model displacements which are solely in the assumed plane Three different types of discontinuity were modeled:

t/2 tr2
@ )

:§ p:]
& g
% ¢
g o . .
ﬁ g 0 FIG. 3. Displacement mode shapes in a plate for SHO
; : a) and SH1(b).
g E,, (@ (b)

2 t/2

Displacement amplitude Displacement amplitude
(arbitrary scale) (arbitrary scale)
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FIG. 5. Frequency spectrum of Hanning windowed linearly chirped toneb-
urst at 100 kHz center frequency.

FIG. 4. (a) Schematic of step(p) rectangular notch(c) V-notch; (d) detail
of finite element mesh for V-notch.

1

3

the length and 10 elements through the thickness. A conver-

gence study showed that the discretization used was satisfac-
thickness stepsee Fig. 4a)]. This was used to study the tory A summary of the FE models that we studied for the
scattering behavior when there is a change in the thickstep cases is in Table I. The steps were placed at 0.6 m from
ness of the waveguide. From this model we derivedhe excitation point and the monitoring points were at 0.4 m
modulus and phase of both reflection and transmission &g 0.8 m from the excitation point so the total path of the
a thickness step. We modeled both the case in which thgsflected(first monitoring point and transmitted signdsec-
thickness decreasdstep down and the case in which  ong monitoring pointwas 0.8 m in all cases. The excitation

4

u(t)=A sin

the thickness increasgstep up. The information de-  was a 10 cycle, Hanning windowed, linear chirp at a center
rived from '[hIS. set of models was further used to simu-frequency of 100 kHz where the carrier signgt) of dura-

late the reflection from a rectangular notch. tion T, center frequency., and amplitude A can be de-
rectangular notclisee Fig. 4b)]. This model was em-  gcriped by:

ployed to study the effect of both frequency and axial

extent on the reflection from notches. The results ob- 27w t? 27t

tained from this model were also used to validate the T 1-co T/

reconstruction of the reflection from a rectangular notch )
superimposing the reflections from down and up steps. TNis gave more energy at low frequen(sy_ae_typlcgl spec-
V-notch[see Figs. &) and(d)]. This model was used to trum signal in Fig. $ compared to a similar windowed
study the relationship between crack and notch reflectoneburst. A typical time record from the simulation is also
tions, the rectangular notch having the limitation of be-Shown in Fig. 6. This shows the incident signal on its way
ing impractical to use to simulate notches with Verytpward the.step defgct and then the reflected SHO mode. The
small axial extentthis is explained further below time trace in Fig. 6 is for the 50% step down model.
Both modulus and phase of the reflected and transmitted
We now present two subsections in which we describesignals were calculated. The modulus was obtained by divid-

the FE model for thickness steps and notches, respectivelying the amplitude of the reflected and transmitted signals by

A. FE model for thickness step

the amplitude of the incident signal in the frequency domain.
An extra FE model was run to obtain a phase reference. This
The thickness step was modeled by creating two regionsias a model ba 1 m long, 5.5 mm thick plate without

with different thickness but keeping the dimensions of thedefects which was excited as in the case of the plate with a
elements constant. Only rectangular steps were modeled. Tis¢ep defect. The signal was monitored at 0.8 m from the
models representiea 1 mlength using 2000 elements along excitation point so we had a reference signal that had trav-

TABLE I. Summary FE models for thickness step.

Number elements Number elements
Thickness of left through thickness  Thickness of right through thickness
Model region (mm) left region region (mm) right region
Step down 20% 55 10 4.4 8
Step up 20% 4.4 8 55 10
Step down 50% 55 10 2.75 5
Step up 50% 2.75 5 5.5 10
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1 - - each side of the notch had nodes at coincident locations, they
Incident signal were not connectetf.We also wanted to verify the conver-
gence of the notch to the crack when the axial extent is
0.5 Reflection small. A reduction of the axial extent of the notch using the
from step mesh for the rectangular notch implies the use of elements
with shorter length and consequently a refinement of the
0 . mesh. This is computationally expensive and can become
f ' simply impossible at very small defect axial extents. There-
fore, in order to verify the convergence of the notch to the
crack case, we used a V-notch model.
05 Using the V-notch model, we reduced the axial extent of
the notch by simply decreasing the distance between the op-
posite faces of the notch. The V-notch was modeled with a
-1 50% defect depth and varying axial extenfdee Fig. 4c)].
0 005 0l °"5Tim%2(ps) 025 03 035 04 In this case we used the same number of elements along the
length and through the thickness in all of the models, the
FIG. 6. Predicte_d t_ime record for a 5.5 mm plate with 50% thickness Ste%hape and dimension of each element depending on the ex-
and SHO mode incident at 100 kHz center frequency. tension of the V-notch. The shape change of each element
from one model to another was small enough to neglect its
elgd alo_ng the.same path Ie_ngth as the rgflecteq and traNSftacts on the accuracy of the resufsee Fig. 4d)]. We
mitted signals in the plate with a step. Using a simple FFT;, o qtigated the effect of changing the axial extent L of the
algorithm it was possible to obtain the phase of the signals IMead of the notch, and we checked the convergence of this

the frequency domain. The phase 9“ the reference signal WaHodel to the crack case when the axial extent was decreased.
subtracted from the phase of the signals reflected and trans-

mitted at a step so giving the phase shift caused by the scat-
tering at the step. IV. MODAL DECOMPOSITION

placement

u dis;

y

The presence of a stépp or down in the thickness of
a plate causes scattering and consequent reflection and trans-
In both rectangular notch and V-notch models, a lengthmission of the incident signal. In this work we considered a
of the plate was modeled and a notch was introduced at songase in which SHO was incident on a step discontinuity and
distance along it. The input wave was excited by prescribingnly SHO could potentially propagate in the pl&&HO ex-
a 10 cycle, Gaussian windowed toneburst with 100 kHz cencited at a frequency lower than the SH1 cutyoffs a first
ter frequency at one end of the plate. The tangential displacexpproximation for the scattering problem we assume that
ments (1,) were monitored at a location between the excita-only the SHO mode contributes to the reflection and trans-
tion end and the defect, so both the incident wave and thgnission of the wave. Under this assumption the magnitude of
reflected wave from the discontinuity were detected. the reflection coefficient would be constant with frequency.
The models represented a 2.4 m long, 5.5 mm thick platehe value of reflection obtained at a step down in a plate in
using 2000 elements along the length and 10 elementis case would be:
through the thickness. A finer mesh with 20 elements through
the thickness and 6000 elements along the length was also RAlzl_a, (5)
studied and gave almost identical results, indicating that con- 1ta
vergence was satisfactory. Only the modulus of the reflectiofy, which o= (t,/t,), wheret, is the larger thickness ard
was calculated for the notch case and this was done exactly the smaller thicknesséi.e. a<1 for both down and up

as in the step case. As already mentioned, two types of notclepg. The transmission coefficient past the step would be:
were studied: )

(1) rectangular notch Ta=17, (6)
(2) V notch.

B. FE model for notch

From a step up in a plate we would have:
The rectangular notchgsee Fig. 4b)] were created by

removing elements. We studied two different defect depths Rm:a_l, (7)
(20% and 50% of the thicknessSeveral FE models with 1ta
different axial extent have been studied to investigate the 20
effect of axial extent on the reflection. The axial extent of the TBl=m. (8)

elementginside and outside the notctvas kept constant in

order to avoid numerical impedance differences. Therefore &€learly, only the magnitude of the reflection and transmis-
fine mesh was needed to obtain the reflection coefficient aion has been considered here. Equati@is(8) are the ra-
relatively small notch axial extent. Zero-length notchestios between the amplitude of the signal after the interaction
(crack casgwere also modeled and this was done by disconwith the step discontinuity and the amplitude of the incoming
necting adjacent elements; thus although the elements aignal. When the signal is transmitted through a step discon-
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tinuity, the thickness of the waveguide changes so a powewhere theg S] terms arenXn matrices and, for exampley;
normalization procedure is required to obtain a power noris the amplitude of th¢th incident mode on the left side of
malized transmission coefficient. The power normalizationthe waveguide. We here considered the most general case
procedure is in general needed when comparing two modeshen there are incoming waves from both sides; the equa-
in the same waveguide or one mode in two differenttions were further simplified for the practical implementa-
waveguides as explained by Aéfdand Pavlakovit® (the  tion.
power normalization is not necessary in the reflection case As already indicated, to solve the scattering problem we
because the thickness of the waveguide does not chamnge need to fulfill the boundary conditions at the step. These are
the case described above, the power normalized transmissitimat the stress is zero at the free surface of the discontinuity
coefficients can be obtained by multiplying the transmissiorand both velocity and stress are continuous functions across
coefficients in Eqs(6) and (8) by Ja and 1e, respec- the interface. As mentioned in Sec. I, the only component of
tively. In this simplified theory, the phase of the reflection stress which is relevant in our study is thg and this can be
and transmission coefficient is zero in all cases except in thderived from theu, displacement when we know the char-
step up reflection case where there is phase shift which is  acteristics of the materigsee Eq(3)]. The velocity can also
accounted for by the sign reversal in the numerator betweebe derived from the expression for the displacement:
Egs.(5) and(7).

However, the assumption that only one mode contributes duy
to the scattering phenomenon at a step does not fulfill the UV~ I
boundary conditions and, in order to obtain an exact solution

of the scattering problem, all of the propagating and non<ince only one component of stress and displacement will be
propagating modes should be included in the solution. Inonsidered from now on, we omit the subscriptaind z.

praCtice this is impOSSible but it has been demonstrated thq‘therefore the expressions for disp|acement, stress, and ve-
it is possible to obtain accurate solutions for scattering probtocity of the incoming wave will be:

lems when considering a finit@nd reasonabjenumber of
modes?526 e Clezioet al?® used modal analysis to inves- . otk 2
tigate the interaction of thé, and S, Lamb waves with uj :; ;€ R

vertical cracks in plates. Vogit al?® applied the modal so-

lution to the scattering of longitudinal and torsional waves at

a point when a free waveguide enters an embedding material. 7= IC44E ki jay €@t k.i?), (12
Engarf used modal decomposition to study the scattering of

torsional waves in a circular rod with a free surface that has

an abrupt diameter change. The problem discussed by Engan —Iwz a, e'<wt ki j2),

is very similar to the problem of steps in plates when SHO is
incident. Therefore in this paper we used the approach pro
posed by Engan to tackle our scattering problem.

We consider here a plate with a discontinuity in thick-
ness, changing frorty on the left side td, on the right side
[see Fig. 4a)]. In this paper subscriptsandr will be used to
refer to the left and right sides of the waveguide. In the mos
general case SH waves are propagating in both directions dif’
either side of the step. The incident modes have amplitude
and the scattering propagating and nonpropagating mod
have amplitude b. It is then possible to define the scatterin
problem using matrix notation:

11)

wherea, j is the amplitude of the incoming mode of order
in the left part of the structurey, ; is the power-normalized
displacementy is the circular frequency ar1q j Is the com-
plex wave number. The expressions fgr, 77, andv? (out—
gomg wave in the left partare the same as those fdft, 77,
dvI , respectively, except for the sign in front of the wave
umber, because they are traveling in the opposite direction
m right to left after the scatterinsee Engahfor more
Q@tails. By using the same procedure, it is possible to derive
xpressions for displacement, stress, and velocity in the right
part of the waveguide. Therefore, the boundary conditions
mentioned above can be written as:

b| _|:Sll S12 a, (9)
brl 1S Spllar iU+ ioUWP=ioui+iow®, x<t,, (13)
If we consider n modes, the scattering matrix can be de- a. b a. b
scribed by: ntn=r+t7, X<t
L L (14)
by a P+P=0, x>t,.
by2 a2 L .
: Expansion in eigenmodes yields:
b|n _ [Sl]J [812] an (10)
brl o [S2ZIJ [Szﬂ ar |’ Iwz a|’jU|Yj+iw2 b|1jU|’j:in ar'jur’j
br2 arp : J ]
b an +iw; brjUrj, X<t (15)
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40442 kl,jal,jul,j+ic44; Ky jbijuy 2 Qr,jl—m,jar,j_; Qr,iLkm,ibrj= =P m@ mt Pimbim-

(20

= ic44z Krjar jUrj— ic442 Keibrjurj, X<t In order to derive the S-paramet¥tor the defined problem,

! ! we write Egs.(18) and(20) as:
(16)

|Qr,m|; I—j,mbl,j - br,m: - |Qrm|$ I-j,mal,j —ar m, (21

_iC442 k|’ja|‘jU|‘j+iC44z kl,jb|.ju|,j:O! X>tr .

j ]

. . . Pl,mbl,m+2 Qr,ij,jbr,jZPI,mal,m+2 Qr,jl—m,jar,j .
These equations already contain the solution for the ] i

scattering problem but we need to simplify the expressions in (22
order to obtain a simple matrix form which can easily be |t is then possible to obtain a simple matrix in which we
implemented in a computer algorithm. In particular, since theseparate the inpui®) from the unknown valuegb):
modes considered in the computation were power normal-

ized, it is wise to obtain an explicit expression for the power [, ] by =[M,] a (23)
flow.® by “lay
From Eqg.(15), taking the complex conjugate, multiply- with solution:

ing by 2iC44K, mU; m and integrating through the thickness of b a

. | - |
the plate, we obtain: {br =[M;Y[M,] o (24)
1 tr - . . .
5 2 wC44kr,ma|*,j fo Uy, jUpm dt The scattering matrix will then be:

[S]=[M; *][M,]. (25

1 . &
+ E 2 wC44kr'mb|’j U|'J'Urym dt
] 0
1 " t
= E Z wc44kr,mar,j Uy jUr m dt
] 0

17

1 t
+ E 2 (,()C44kr’mb:j 0 Llryjur'm dt
J

Introducing the normalized wave numbeQ;
=(kr.m/ko) and simplifying the expression, we obtain:
Q?‘m; Lj’ma” + Q:m; Lj,mbl,j = P:"ma,'mﬁ- P;k’mbr'm,

(18)

where k, is the wave number of the SHO modg;
= (c44IZ)wkofgu|,ju,'m dt andP, , is the power flow which
is equal to one for propagating modes anéi) for non-
propagating modes.

From Eq.(16) after multiplying bysi wu, ,, and integrat-
ing over the total cross section we can write:

1 f
_; EwC44k|'ja|’ij U|Y]'U|'m dt
1 t
+Z —(x)C44k|’jb|’jf U|’jU|’m dt
T2 0
1 ty
:; EwC44kr'jar’jf0 Ur’jULm dt

1 ty
— 2 S wCaK, br | up U mdt. (19)
T2 0

Again, introducing the quantiti?, we obtain:
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Using Dispers® it was possible to obtain the mode
shapes and wave numbers for each of the computed modes in
the frequency-thickness range 0—0.55 MHz mm. The mode
shapes were extracted using 201 points through the thickness
of the left side of the waveguide and we verified that the
number of points was satisfactory by performing a conver-
gence study. Subsequently the modes were power normalized
according to Engdhand the coefficients of the scattering
matrix were calculated. The input vector was in this case a
vector with all zeros except the element accounting for the
SHO excitation in the left side of the waveguide. In order to
estimate the accuracy of the method, we performed conver-
gence tests by increasing the number of modes considered in
the computation and we also verified the conservation of
energy. The energy check was done by estimating the error:

e=1—(|by snd*+|br shd?, (26)

whereb, 5o andb, sy are, respectively, the power normal-
ized reflection and transmission coefficients for the SHO
mode (only propagating modes can carry energy

V. RESULTS

The numerical results are presented below. We have in-
vestigated various cases describing the scattering phenom-
enon in plates with defects. The section is divided in two
subsections in which we describe the results for the thickness
step and the notch cases.

A. Plate with thickness step

Using the results of the FE simulations we studied the
effect of up and down steps in a plate where the SHO mode
was incident. A relatively low frequency rang@®-0.55
MHz mm) was investigatede.g., 0—100 kHz in a 5.5 mm
plate. Figures Ta) and 8a) show the modulus of the reflec-
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FIG. 7. Modulus(a) and phase anglé) of reflected fundamental SHO mode
from a thickness step down of 50% of total thickness. The plot shows thd 'C- 9- Modulus(a) and phase angkb) of reflected fundamental SHO mode

results obtained with FEdoty and modal decomposition using only SHO from a thickness s_tep up of 50% of total thickness_.‘ The P'Ot shows the
(dashed ling SHO and the first nonpropagating mo@®uble dashed line r_esults obtained Wlth FEdots)_ an_d modal decomposition using SHO and
SHO and the first five nonpropagating modsslid line). five nonpropagating modésolid line).

and transmission coefficients, respectively, when there is an
tion and transmission coefficients respectively when there igp step of the thicknesgthe reflection and transmission
a down step of 50%. In this frequency range the modulus ignodulus are power normalized
almost constant with frequency in both cageste the very Figures Tb) and 8b) show the phase shift of the re-
narrow range on thg axis of Fig. 7a)]. The value of the flected and transmitted signal, respectively, when there is a
reflection and transmission modulus can be approximated u§lown step of 50% of the thickness. It is clear that the phase
ing Egs. (5) and (6), respectively. A power normalization shift is frequency dependent in both cases and it varies
procedure was executed when the signal was transmittg@onotonically with frequency. At zero frequency the value
through the stepbecause of the thickness change in theOf phase shift tends to zero for both the transmitted and .the
waveguidg in order to be able to compare the results ob-reflected Waves.lln the case of the up step, the phase.shlft at
tained from the finite element analysis with the results obZ€0 frequency is zero for the transmitted sigfsge Fig.
tained from the modal decomposition methsee Sec. Iy, 10(b)] and = for the reflected signdisee Fig. @)].

Figures 9a) and 1@a) show the modulus of the reflection The numerical results of the modal decomposition
method are also shown. The modal decomposition method
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FIG. 8. Modulus(a) and phase anglé) of transmitted fundamental SHO FIG. 10. Modulus(a) and phase angléo) of transmitted fundamental SHO
mode from a thickness step down of 50% of total thickness. The plot showsnode from a thickness step up of 50% of total thickness. The plot shows the
the results obtained with Félot9 and modal decomposition using SHO and results obtained with FEdoty and modal decomposition using SHO and
five nonpropagating modesolid line). five nonpropagating modésolid line).
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using only SHO leads to the same results as those obtaine 0.7
using the simplified theorysee Sec. Y. The reflection co-
efficient obtained using E(q5) is constant with frequency
and, at low frequency-thickness, it is reasonably close to the
reflection behavior predicted using finite elements, divergingé
at high frequency-thickness valugtashed line in Fig. @)].
It is clear from Fig. Ta) that the modulus of the reflection
coefficient obtained from the finite element prediction can beg
approximated by simply using the SHO and SH1 modes anc:.f:;
neglecting the higher order nonpropagating modes in the
computation. The reflection modulus is also shown for the
case in which five nonpropagating modes were considered
confirming the good agreement between the finite elemen
and the modal decomposmon.results.. . 0 2 “ 60 %0 100

The results for the pha;e information of reflection when Axial extent (% of wavelength)
there is a step dowfsee Fig. Tb)] clearly shows that this
varies with the number of modes included in the computa¥IG. 11. Variation of reflection ratio with axial extent of the notch. Results
tion. As already mentioned in Sec. IV, the phase shift s zer®, 00 % B2 S B e raine for the rectangular
if we take into account Only the SHO moﬂﬁee dashed line notch case. The dashed line predicts the notch behavior using the simplified
in Fig. 7(b)]. The phase shift obtained from the finite elementtheory (no phase shijtand the solid line reproduces the notch reflection
predictions is approximated quite well by using two modesbehavior using the complete theory with the phase shift information.
(SHO and SHY1 in the modal decomposition algorithm. A

convergence test for the phase of the reflection and transmi%rth inside the notch. If the effect of the nonpropagating

sion was.performed and its va!ue con.verged when five NOMmodes is neglected, it is possible to use the simplified theory
propagating modes were considered in the modal decompcé‘xplained in Sec. IV. The first reflection is given by Ef).

. . The second reflection is due to the signal transmitted through
tend to be required for the phase calculation to converge tha{ﬁe down stefgstart of notch, reflected at the up stefend of

for the z_impl_itude to converge. The phqse angles preo”Cter"‘njotch), and transmitted through the up stegtart of notch.
introducing five nonpropagating modes in the modal decom:l.he amplitude of the second reflection is:

position algorithm matched very well with the results ob-
tained from the FE models. The good agreement between the Ra2=Ta1-Rg1-Tg1, (27)

FE predictions and the modal decomposition method Whe'&nd its time delay is R/V where L is the axial extent of the

introducing five nonpropagating modes in the computatior]qotch and V is the SHO velocity. The amplitude of tte
was confirmed for the transmission through a down SteRuflection is given by:

(Fig. 8 and both reflection and transmission in the up step '

case(Figs. 9-10. Raj=Ta1 (Rg)? 3 Tgy, (28)
The energy criterion described in Sec. IV was satisfied, i time delayj - 2-L/V. The total reflection is:

even when only a few modes were included in the computa-

tion. The € value was always less than 1Din the cases Rrot=Ra1tRa2t "+ Raj. (29)

plotted in Figs. 7, 8, 9, and 10. If we do not consider the phase shift due to the contribution

Tests were also done on 20% up and down steps but fOch the nonpropagating modes, the behavior of the total re-

brevity these are not s_hown hgre. Again good agreement b‘f:"l'ection coefficient from a 50% depth rectangular notch with
tween the results obtained using FE and the results from th\(;

dal d L btained. Th b f mod arying axial extent is described by the dashed line in Fig.
moadal ecompqsmon were o tgme - '€ NUMDer 0 MOode3y 1y g prediction, the reflection coefficient has minima
to be included in the computation depended on the specifi

. . ) fhen the axial extent isn(\/2) and it has maxima when the
case being studied. More than 10 nonpropagating mOdezfxiaI extent is equal ton\/2+\/4), where\ is the wave-
were needed to obtain the convergence of the algorith ’

i . _ . r?ength and n is an integer.
when studying a 20% thickness step. It could be interesting It is also possible to take into account the phase shift

to investigate ways of predicting the number of nonpropagaty . . <aq by the up and down steps. If we do this using the

ing modes required in the analysis, but that has not yet beemme element or modal decomposition predictions from

pursued. down and up steps in an algorithm which adds up the first
four reflections with their modulus and phase, we obtain the
solid curve in Fig. 11. This was traced at a frequency-
In this section, finite element predictions for the rectan-thickness product of 0.55 MHz mifi00 kHz for a 5.5 mm
gular notch case are compared with superposition of the uplate. This curve is shifted to the left with respect to the
and down step predictions. curve obtained by neglecting the phase shifts at the steps.
The geometry of the notch is such that there will be a  In order to verify the accuracy of the predictions and
series of consecutive reflections from the notch decreasing identify its limits, we studied the reflection from rectangular
modulus with the number of times the wave travels back andhotches with varying axial extent using finite element analy-

ction mod

B. Plate with rectangular notch
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FIG. 12. Variation of reflection ratio with axial extent of the notch. Results 113, variation of reflection ratio with axial extent of the notch. Results
are for a plate with SHO at 0.55 MHz mm incident on a notch with 20% gre for plate with SHO incident on a notch with 50% thickness depth. The
thickness depth. The dots indicate the FE results obtained for the rectangulabtted’ solid, and dashed lines indicate the FE results obtained for a rectan-
notch case. The dashed line predicts the notch behavior using the simplifie,g{”ar notch case at 0.66 MHz mm, 0.55 MHz mm, and 0.44 MHz mm, re-
theory (no phase shiftand the solid line reproduces the notch reflection gpectively. The crosses indicate the values at which the reflection coeffi-
behavior using the complete theory with the phase shift information. cients were computed using the FE analysis.

sis and the results are also shown in Fig. 11 for comparisor{Shown as dashed line in Fig. 1 Zherefore the convergence

Clearly there is very good agreement between the prediction%'c the notch case to the crack case at low axial extent of the
using the amplitude and phase information obtained from thQOtCh,Was verified.

step models and the notch cases studies using FE. In con- i9ures 11 and 12 show that the crack case cannot be
trast, the reflection coefficient predicted neglecting the phasgPProximated using the predicted curve for the notch case.
information does not match the results obtained from the FE NiS IS due to the presence of the nonpropagating modes.

model, demonstrating that the phase shift must be considerddft€r the scattering of the incoming sign8HO on the left
in this frequency regime. However, it is clear from Fig&)7 side of the notclistep down, both propagatingSHO only in

8(a), 9a), and 1@a) that the simplified theoryno phase our cas¢ and nonpropagating modes are present. If the axial

shift), can be a relatively good approximation at very low extent of the notch is zer@crack casg the local vibration

frequency where the phase shift is small enough to be n(_:generated on the left side interacts with the right side and
glected vice versa. A different interference pattern than the one de-

Figure 12 shows similar results for 20% notch depth,piCted for a notch cas@t relatively large axial extepts to

very good agreement between the FE results for the notchd® €xpected in the crack case. In theory, for a rigorous analy-

and the predictions using the phase shift information agairy's Of the crack case using the approach proposed in this
being obtained. paper, the input signal at the second step discontinuity should

The effect of frequency on the reflection from notches isP€ Written considering both propagating and nonpropagating
shown in Fig. 13. The reflection coefficient was plotted for a

20% depth notch with varying axial extent at three different 035 "
frequencies (0.44 MHz mm, 0.55 MHz mm, and 0.66 s
MHz mm). It is clear from this plot that the effect of increas- 03 - .

ing the frequency(if working at relatively low frequencyis .

a shift of the curves toward the ordinate axis. This is due to8 %% | o

the fact that the amplitude of the reflection and transmission® P S S -

coefficient is almost constant with frequency and the phaseg

shift changes monotonically with frequency. € o015 |
The result obtained for the crack cagero axial extent &
is highlighted in Fig. 11. The prediction for the crack is & o1 |
below the solid curve; this is the only point that does not
match well with the curve. In order to verify the predictions 0.05 -
for the crack case, we studied the effect of changing the axia
extent of a V-notch. Figure 14 shows the modulus of reflec- 0104 10° e 107 102 o7
tion plotted versus V-notch openird. in Fig. 4(c)] on a Axial extent (% of wavelength)

logarithmic scale. The reflection coefficient decreases mono-

; ; ; ; :<FIG. 14. Variation of reflection ratio with axial extent L of the V-notch.
tomca”y with thoe axial extent and, When the axial extent is esults are for a 5.5 mm plate with SHO incident at 100 kHz on a notch with
less than 0.001% of the wavelength, it settles to the value &fno thickness depth. The dashed line is the crack prediction in Fig. 11 and

reflection coefficient obtained for the crack case in Fig. 1lihe dots are the FE predictions.
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modes. In practice, the input of the modal decompositiorand transmission at the steps being very important to repro-
was SHO in all cases so the effect of nonpropagating modeduce the interference phenomenon at the notch.
generated on one side of the crack and interacting with the The superposition of the reflection for down and up
opposite side was not taken into account. This indicates thateps cannot be used with the same success to approximate
it will be very difficult to model the reflection due to cracks the reflection from cracks, because the interaction of non-
in this way and it would be better to adopt the approach use@ropagating modes with both sides of the notch has not been
by Le Clezioet al?®° They developed their model specifically taken into accountthe nonpropagating modes generated at
for the crack geometry and they assumed from the outset ane side of the notch are assumed to decay before reaching
large number of participating modes. the opposite side of the notclHowever, the results obtained
From Fig. 11 it is also evident that the notch cases charat notch axial extent as low as 1.25% of the wavelength still
acterized by relatively low axial extent are reasonably wellagreed very well with the finite element solution, indicating
approximated using our algorithm. It would be expected thatthat the interaction of nonpropagating modes with the sides
as the axial extent diminishes, the nonpropagating modesf the notch is only significant at very small axial extents.
generated at the down step interact with the up step and vice
versa. This is because the discontinuities are not far enoughp, wilcox, M. Lowe, and P. Cawley, “Lamb and SH wave transducer
apart for the nonpropagating wave field to be considered to arrays for the inspection of large areas of thick plates,"Raview of

mol | n _ Moreover h xial extent r _Progress in Quantitative NDEedited by D. Thompson and D. Chimenti
be completely attenuated. Moreover, as the axial extent re (Plenum, New York, 2000 Vol, 19, pp. 10491056,

duces!_ the ”Pm_b_ef O_f nonpropagafung modes interacting withp, Alleyne and P. Cawley, “Optimization of Lamb wave inspection tech-

both discontinuities increases. This suggests that the reflec-niques,” NDT & E Int. 25, 11-22(1992.

tion coefficient at very low axial extent of the notch cannot 3J. Ditri, J. Rose, and G. Chen, “Mode selection criteria for defect optimi-

; ; ; ; ; zation using Lamb waves,” iflReview of Progress in Quantitative NDE

be approxma}ed using our algorithm. However, In practice, edited by D. Thompson and D. ChimeigRlenum, New York, 1992 p.

the lowest axial extent case that was studied for the rectan-,1gg.

gular notch(1.25% of wavelengthwas still reasonably well ~ *T. Ghosh, T. Kundu, and P. Karpur, “Efficient use of Lamb modes for

approximated using our method, Suggesting that the non_detecting defects in large plates,” Ultrason®® 791-801(1998.
ropagating modes only become significant at lower aXialsD' Alleyne, B. Pavlakovic, M. Lowe, and P. Cawley, “Rapid, long range

propag 9 y g . inspection of chemical plant pipework using guided waves,” InsiBt

extents. In fact at 1.25% of the wavelength the first non- 93_g6 1012001.

propagating mode has already decayed by 25% of its maxi®M. Koshiba, H. Hasegawa, and M. Suzuki, “Finite-element solution of

mum value(at zero distandeand the higher order modes are horizontally polarized shear wave scattering in an elastic plate,” IEEE

. s Trans. Ultrason. Ferroelectr. Freq. Cont8d] 461—466(1987).
eﬁeCtlvely completely attenuated due to their hlgher attenu_7.]. Ditri, “Some results on the scattering of guided elastic SH waves from

ation value(as shown in Fig. 2 material and geometric waveguide discontinuities,” J. Acoust. Soc. Am.
100, 3078-30871996.
8H. Engan, “Torsional wave scattering from a diameter step in a rod,” J.
VI. CONCLUSIONS gACOl.ISt. Soc. Am1.0_4, 2015-20241998. ] o
M. Lowe and O. Diligent, “Low frequency reflection characteristics of the
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g 111, 64—74(2002.
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. . Rose and X. Zhao, “Anomaly throughwall depth measurement potential
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been proposed. This is based on the superposition of thl§(1993- | The reflection of
reflections from a down stefstart of the notchand an up - Pemma, P. Cawley, M. Lowe, and A. Roosenbrand, "The reflection o
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Experiments with an annular thermoacoustic engine employing quasiadiabatic interaction between
traveling acoustic waves and an inhomogeneously heated porous material indicate the presence of
a closed-loop mass flux. A qualitative modeling of the enthalpy flux in the thermoacoustic core
provides an opportunity to estimate the thermal convection associated with this mass flux, by using
temperature measurement at different positions in the system. The estimated acoustically induced
mass flux is in accordance with recent theoretical results2003 Acoustical Society of America.
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I. INTRODUCTION In the present paper, results of temperature measure-
ments at some characteristic positions in the quasiadiabatic
Thermoacoustic(TA) interaction, the interaction be- stack driving an annular acoustic resonator are presented,
tween acoustic waves and temperature oscillations, is a pheéoth above and below the threshold for TA instability. It is
nomenon developed in acoustic boundary layers near rigidemonstrated that, similarly to the case of a TA engine with
walls! The TA interaction occurring in acoustic resonatorsa quasi-isothermal staéla closed-loop circulation of the gas
subjected to inhomogeneous heating may become unstahike excited in a quasiadiabatic stack. A simple theoretical
and leads to the generation of acoustic oscillatboiiis ~ model provides an estimate of the acoustically induced mass
effect is enhanced by using the interaction between an inhdlux. This value matches results from recently developed
mogeneously heated stack of solid plates placed in the restheory? Theoretical estimatich of closed-loop acoustic
nator and the gas oscillations for the transformation of therstreaming in annular TA devices can be very helpful, for
mal energy into mechanical energy. The idea of a travelinggxample, to choose an appropriate working fluid that mini-
wave annular TA engine was put forward more than 20 year§nizes acoustically induced mass flux.
ago? However, the first quasiadiabatic annular TA engine  The annular TA engine under study is described in Sec.
was built only a few years agbRecently, a closed-loop TA |l and observations of some of acoustical and thermal phe-
engine which employed quasi-isothermal sound propagatioRomena are presented. An experimental method to determine
through the StacKStir”ng Cyc|e through the regenera}or the acoustically induced mass flux from temperature mea-
was reporteé. This experimerﬂ demonstrated that circula- surements is presented in Sec. Ill. Measured values of this
tion of the gas is induced by the trave”ng wave in a TAMmass flux are Compared to the available theoretical
St"'“ng engine_ More recenﬂy, the presence of C|osed-|oo§$timatioﬁ and its improvement in Sec. IV before conclud-
induced acoustic streaming has been reported in an annulBld in Sec. V. Improvements of theoretical results presented
Stirling cooler driven by a TA regeneratdalso called the In Ref. 9 are exposed in the Appendix.
prime-mover stack in comparison with the cooler sjack
This closed-loop mass flux contributes to the enthalpy trans-
port in annular devices, and should be suppressed in order tb EXPERIMENTAL SETUP: DESCRIPTION AND
increase the efficiency of a TA engifié.The experiments OBSERVATIONS
with externally induced mass flugof nonacoustical natuye

through TA stack have been also repotédacoustically  ¢onieq in Fig. (). This resonator, which consists of a torus-

induced mass flux has been theoretically predicted in annulasrhaped waveguide made of stainless-stats| 316L) cylin-
Stirling enginé® However, neither measurements nor eSti'dricaI pipes, is composed of two straight pigEsigth 0.6 )
mates of the acoustically induced streaming mass flux havg, 4 two curved pipe¢curvature radius 0.14 MAIl pipes
been. re_porte_d in an.annular acoustic resonator driven by guve circular cross sectiginner radiusr;=26.5 mm, outer
quasiadiabatic TA prime mover. radiusr,=30.1 mm, and wall thickness 3.6 mmand the
total axial length of the waveguide is=2.24 m. This wave-
dElectronic mail: stephane.job@univ-lemans.fr guide is filled with air at ambient temperatufg=293 K

The annular TA engine used in our experiments is pre-
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(a) Annular thermoacoustic prime-mover axis. The stack is used to increase locally the volume of
Water Electrical Water boundary layer in the fluid. Considering that the thermal
cooling @c  heating Qg cooling Qc boundary layer §,.= J2«/w;=0.21 mm is more than four
0 times smaller than the characteristic transversal width
TA interaction employs a quasiadiabatic regitfhe(x
=2.1 10 ° m%s is the thermal diffusivity in air at ambient
C z=-Hs 2=0 ¢ = Hw ) condition, andw,=27f, is the angular frequengy
Atemperature difference is imposed between stack ends:
its left side k=—Hg) is maintained at cold temperature
Tc=T, and its right side X=0) is maintained at hot tem-
peratureTy>Tc. The origin of axial coordinat& is chosen
(b) Thermoacoustic core to be the position of hot temperatufg,, and the axial co-
ordinate is directed clockwise in Fig(a). Spatial extent of
T(—Hs/2) T(2Hw /3) the inhomogeneously heated part of the waveguide X0
To Tu | Te <H, whereH,,=~0.38 m is controlled by imposing the
Ty — ! — ! cold temperaturf ¢ at the positiorx=H,y. The inhomoge-
L: — /':f\ - J - neously heated region Hs<x<H,y, presented in Fig.(b),
> ¢ - & '~ — is called the TA core. The heated region of the stack is de-
- : : noted by the subscri@, and the heated region of the wave-
v = —Hg 220 c=Hy =z guide by the subscripiv.
Temperatures at cold positiong= —Hg and x=H\y)
FIG. 1 (a) S(_:hgmatig view of th@T annular TA engine£2.24 m apd the are imposed by using two cold heat reservcﬁa’artscold tem-
two piezoresistive microphondsic. 1 and mic. 2 (b) Enlarged view of . .
the TA core (Hg<x<Hyy, He=0.15 m andH,~0.38 m with the ce- peratureTc), which consist (_)f two water-cooled copper
ramic stack (- Hs<x<0) and five of the six temperature probes. Tempera- Shells set around the waveguide. Two cold heat exchangers
ture distribution is schematically represented in dashed line. made of copper wire gridéwire approximately 0.2 mm in
diameter and approximately 1 mm sparatk placed in con-

and atmospheric pressuRy=10° Pa. In the following, am- tact with cold reservoirs perpendicularly to the waveguide
bient condition is related to temperatufg and pressur®,.  axis. One of the heat exchangers=(—Hyg) is in contact

Under specific conditiorts*° presented below in more With the stack. Copper grids, ensuring a uniform radial tem-
detail, the TA interaction leads to the development of anperature distribution in the cross section of the pipe, are de-
instability, called the TA instability: an acoustic field can be signed to achieve approximately the same characteristic
generated and sustained in the waveguide. Due to the annulg@nsversal width as in the stack.
geometry of the waveguide, the axial wave number of acous- A hot heat reservoir(temperatureT,; at position x
tic oscillations is attempted to be close to axial resonance=0), consisting of eight electrical cartridg€s25 W each
conditionsk,=2n/L, wheren is a strictly positive integer. soldered in a stainless-steel block, is placed in contact with
Moreover, if the wave number is lower than the wave num-external surface of the waveguide. The electrical po@gr
ber of the first transversal modé = 1.84f;), only plane supplied to the hot heat reservoir is extracted by measuring
wave propagates in the cylindrical pipe. Considering dimenelectrical voltage and current supplied to the cartridges. A
sions of the experimental setup, one can estimate that tH&ot heat exchanger is placed in contact with the stack, in
first 24 (k,<ko leads ton=24) axial resonance modes front of the hot heat reservoir, and firmly in contact with
propagate in plane wave. Experimentally, the measured frgnternal surface of the waveguide. The hot heat exchanger is
quency of acoustic oscillations is equal tg=152 Hz: it an appropriately coiled stainless-steel ribl@rdth 2.5 cm
corresponds to the first resonance mokle=2wf,/ac  and thickness 1Qum). The distance between two adjacent
=2q7/L of the annular pipe, wherac=340 m/s is the air walls in the hot heat exchanger, chosen to be close to the
sound velocity at cold temperature, and acoustic oscillationsharacteristic transversal width in the stack, is approximately
propagate in plane wave at this frequency. 1 mm.

Above the onset of the TA instability, the presence of ~ When an axial distribution of the mean temperattige
acoustic oscillations also induces a mass flux which results<T,,(x)<Ty of the fluid is imposed in the TA core{(Hg
from various nonlinear processk$®~'This acoustically in- <x<H,y), the TA interaction can be seen from a simplified
duced mass flux produces a closed-loop circulation of the ggsoint of view as the conversion of a part of the supplied heat
around the annular waveguide that carries the enthalpy bin mechanical energy of acoustic oscillatidisThe TA in-
forced thermal convection. teraction mainly occurs in the stack. This interaction leads to

The TA interaction occurs near rigid walls inside acous-the amplification of an acoustic wave traveling through the
tic boundary layerd® A ceramic porous materidlengthHg  stack in the direction of positive temperature gradient®
=0.15 m, made ofCordierite and usually used in catalytic When the ratiol'y /T of hot to cold temperature reaches the
exhaust pipe, is placed in the waveguide. This ceramicthreshold value Ty /T¢)in=1.9, the TA amplification in the
called the stack, contains a multitude of square cross-secticstack compensates acoustic dissipation in the waveguide and
channels(characteristic transversal widibg=0.9 mm, ap- the system becomes unstable. Any initial acoustical pertur-
proximate wall thickness 0.1 mnparallel to the waveguide bation(noise for exampleis first amplified at resonance fre-
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guency and then sustained in the waveguide. The thresholi 2 |
condition is achieved by applying an electrical load@f, 1
=130 W. |
Considering that acoustic oscillations propagate in plane—~ !
waves, the acoustic field can be expressed in the forrréfl- :
- i

|

|

1

« threshold ' (a)

4

p(x,t)=Rgp(x)e '“1!], where

P(X)=[p" (xg)e" WX+ B~ (xg)e Mwix 0] (1)

is the acoustic pressure in frequency domain. The acoustic 0 . . L

. . T 100 200 300
wave numbek,y,, which takes into account dissipative and 0, (Watts)
dispersive effects in the cold part of the waveguide, is de-
fined as 0.5

kw=kc[ 1+ (1+i)c(8,/r)]. (2)

threshold — | o ' (b)
)

|
In Eq. (2), ke=w,/ac is the acoustic wave number at !
cold temperature in absence of sound interaction with walls,0.4r |
8,=\2vlw;=0.17 mm is the viscous boundary layer,
=15 10°°> m%s is the kinematic viscosity in air at ambient
condition, c¢=(1/2)[1+(y—1)/{o]=0.74 is the Kir- —& o(p /p") /m
schoff’s constant;'? y=1.4 is the polytropic coefficient, and 0.3 . ' '
. : 0 100 200 300
o=v/k=0.71 is the Prandtl number of air. 0. (Watts)
Two piezoresistive PCB microphones placed xgt; "
=0.95 m andx,,,=1.53 m allow the measurement of the FIG. 2. (a) Measured amplitudes of clockwisp {) and anticlockwise}§~)
acoustic field. Each microphone has been calibrated in phageves, plotted versus heat log}; . (b) Modulus and phase of the ratio
and in amplitude by comparison with a reference B&K mi- R(—Hg)=p /p* plotted versus heat loa@,, . Instability onset occurs at
crophone. By measuring acoustic pressure at two separatégél‘:130 w
positionsx=X; andx=X.,, one can extract frequency of
acoustic oscillations and both contrapropagating wave comfhe six thermocouples used are provided from the same
plex amplitudesp™(x,) andp~(xg) anywhere in the cold manufacturing series and are certified by the manufacturer. It
part of the waveguidexg<—Hg or xo>H,y). Clockwise has been checked that all thermocouples give the same mea-
and anticlockwise traveling waves amplitudges (—Hg) surement(within an error of less than 1 Kof the ambient
=p" are then extracted as a function of heat suppligd temperatureT,. As a consequence, absolute temperature
As shown in Fig. 2a), the acoustic pressure amplitude in- measurement may be considered within an error of the order
creases when heat lo&g, is increased above the TA insta- of 1 K. Despite this accuracy, the relative error in absolute
bility threshold condition. It is estimated that the amplitudetemperature measurements is overestimatedt360. In the
of the clockwise-traveling wavip *| exceeds the amplitude whole range of experiments, this relative error corresponds at
of the wave traveling in the opposite directign | by more least to+15 K (at ambient temperaturg,) and at the most
than a factor of 2, as shown in Fig(l2. However, the am- to +30 K (at the highest measured temperaturghich is
plitude of the anticlockwise traveling wave is not completely much greater than the usual accuracy of type-K prdless
negligible. This can be explained by the fact that though onlythan 1 K. This overestimation of the error in temperature
the clockwise-traveling wave is amplified in the heatedmeasurement is introduced to take into account the lack of
stack>219a significant part of this wave is reflected in the other sources of errors. For example, it is assumed in the
system. Relative phase(p /p*)=¢(p )—¢(p*) mea- following that the temperature does not depend on radial
surements, also presented in Fi¢h)2 confirm that the inter- coordinate, although it may vary in the cross section of the
action between contrapropagating waves in the annular TAvaveguide. In fact, this variation is less than or equal to 3
resonator is not trivial: the acoustic field generated in thek,'® i.e., less than the considered relative error+8% in
system is neither a standing wave nor a purely travelingemperature measurement.
wave acoustic field:> Results of temperature measurements are presented in
Temperature measurements are obtained by using siig. 3, below and above the onset of TA instability. As shown
thermocoupleg1 mm in diameter type-K probgsFive of  in Fig. 3@, where absolute temperature measurements are
them are set in the TA corexé —Hg, —Hg/2, 0, 2H\\/3,  plotted as functions of the heat lo&,, it is first checked
Hy) on the axis of the waveguide as shown in Figp)1The  that cold temperatur€: (measured outside the TA corand
two cold thermocouplesx= —Hg,Hy,) are placed in con- cold exchangers temperaturés,(—Hs) and T.,(Hy) (not
tact with the two cold heat exchangers outside the TA coreshown in Fig. 3 remain constant and equal to ambient tem-
The hot temperature thermocouple<0) measures the tem- peratureT, in the whole range of experiments. It is then
perature at the center of the hot heat exchanger. The sixtioted that below the threshold condition, hot temperature
temperature probénot shown in Fig. 1 controls that the T, , temperature measuredat —HgJ/2 (in the stack, and
temperature far outside the TA cofi@ the cold part of the temperature measuredyat 2H,,/3 (in the heated part of the
waveguide remains constan(.e., at cold temperaturéc). waveguide increase wherQy increases. At the threshold

o= |p /p"|
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lll. MASS FLUX MEASUREMENT

o T, e threshold T (a)

600 I In order to measure the mass flux, the following quali-
gsoo tative model of the axial temperature distribution in the TA
— core is proposed. The aim of this model is to provide an
% 400 estimation of the order of magnitude of the acoustically in-
E duced mass flux. It is not intended to ensure accurate quan-

300F : titative measurements. In the frame of this approach, simpli-

200 L fying assumptions have been used. The temperature

° 100 Q (Watztoso) 300 distribution inside the cylindrical tube is assumed to be in-
H dependent of the radial coordinate. This assumption has been

confirmed experimentallj by using additional thermo-
couples(thinner and more sensitive than actual temperature
probes in the radial direction of the stack. The temperature
variation in the cross section is less than or equal to 8 K.
Neglecting radial contributions, the enthalpy flux can be
written in the form

J=—Ad, T+ CpMT,,, (4)

. . s where d,=d/dx denotes the partiak derivative, Cp=10°

0 100 o (Watis) 300 Jl(kg K) the specific heat of ailyl the mass fluxexpressed

H in kg/s) averaged over the cross section of the waveguide,
FIG. 3. (a) Absolute measured temperatures above and below the thresholdnd A a constant. The second term in the right-hand side
condition for TA instability onset plotted vs heat lo&, . (b) Normalized (r.h.s) of Eq. (4) takes into account the forced thermal con-
Fempera“{ref(x):[ﬁ(tx)‘Tc]’t[TH_Tc] Ca'cu'a:d fro’;‘;”tse(a)- '”Id vection due to the mass flX. The first term in the r.h.s. of
lemperature measurementar outsce e TA cos In inset (@ and (,  EC (4) describes the thermal conduction, so the consant
squares are temperatures measured inside the stack Hg/2) and tri-  can be considered as an area scaled effective thermal con-
angles are temperatures measured inside the heated part of the wavegu@activity
(x=2H/3). Error bounds in temperature measurements are not shown.

A=ksemr(r5—1?) + kot + koo 1= ) ar?, 5

- > « threshold i (b)
—8— X= HS/2

D x=2HW/3

condition, acoustical phenomertae., acoustic waves and Whereksi=16 Wim K) at T=373 K andks=25 Wim K)
acoustically induced mass flware generated: the thermal gtT2973 K (intermediate values are obtained using a linear
behavior of the system is modified. Above the threshold/it): Kair=0.025 WI(m K), andkee=1 Wi(m K) are, respec-
temperaturd’,; remains approximately constant wher€gs tively, the thermal conductivities of steel, air, and ceramic. In
increases, and an evolution of the temperature profile in thi1e frame of our qualitative approad@p, ke, andkce are

TA core is observed. This demonstrates that there is a sigtSSumed to be temperature-independent constants. The po-
nificant influence of streaming on temperature distribution©Sity (the volume of fluid divided by the total volume of the

the thermal forced convection led by the acoustically in-Stack region is taken equal top=0.8 in the region—Hs

duced mass flux transports cold air from the cold part of the~*<0 and to$¢=1 in the region E-x<Hyy.
waveguide through the TA core. The heat transfer from the external surface of the wave-

guide to the surroundings is modeled by using the Newton’s

Temperature profile evolution in the TA core is de- ey
law of cooling:

scribed in Fig. 80) by using a normalized temperature de-
fined in the form 3 J+h(Tp—Tc)=0, (6)

O(X)=[Tm(X) = Tcl/[Tu—Tel. (3y Whereh is a phenomenological coefficient of heat transfer
(mainly due to natural convection and radiajiomhe first

The latter quantityf(x) is also used in the thermal model term of the left-hand sidél.h.s) of Eq. (6) describes the
presented in Sec. lll. The normalized temperatt(g) is  axial variation of the enthalpy flux caused by heat leakage to
evaluated at characteristic positions=—Hg2 and x  surroundings in radial directiofsecond term of I.h.5. Fi-
=2H/3 and plotted in Fig. ®) as a function of heat load nally, substituting Eq(4) into Eq. (6), an equation for the
Qu - The decreasing of the normalized temperatfipe) at  temperature distribution is obtained
x=—Hg42 and its increasing at=2H,,/3 indicate that a 2 _
mass flux carrying the enthalpy parallel to the waveguide Adix0=CpMy6=h =0, )
axis is induced above the threshold of the TA instability. where (x) is the normalized mean temperature of the fluid
Moreover, the direction of the bend indicates that the massdefined in Eq(3).
flux is directed toward the clockwise direction. The fact that In order to find a tractable analytical solution, coeffi-
the direction of the mass flux is the same as the direction ofients in Eq.(7) (which in fact all depend on temperature
the amplified traveling wave is in accordance with availableare approximated by their mean values, estimated at a char-
theoretical results for annular TA engines driven by quasiaacteristic temperaturé.,,= (Ty+ Tc)/2. In the frame of our
diabatic prime movet. qualitative thermal model, coefficients in E(/) are thus
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assumed to be independent of the local temperature and code not have significant influence on temperature distribution
sequently independent of the spatial coordinate. For an imand can be neglected in E@).

posed temperaturg,,, it is then straightforward to find the The following procedure is applied to evaluate the mass
solution (depending on positiox and on parameten and  flux M. First, phenomenological parametdrs and h,, are

M) of the linear differential equation Eq7) with constant ~measured. For this purpose, an absorbing partition is in-
coefficients. This solution satisfies the boundary conditionstalled in the cold part of the waveguide in order to prevent
6(x=0)=1, 6(x=—Hg,Hy) =0, both in the stack region the TAinstability. ThusM=0 and by mapping the solutions
(—Hg<x<0) and in the waveguide region {x<H,). Of EQ.(7), respectively, to the measured values of the tem-
Consequently, if coefficienta andh are known, mass fluxl ~ Perature ak=—Hg/2 andx=2Hy,/2, values of coefficients

can be extracted by mapping the solution to Ef.to tem- s andhy are found as a function of g, It appears that
perature measurements. both these coefficients weakly depend on the characteristic

It is important to keep in mind that in the frame of our temperature. Orders of magnitude of these coefficients are
one-dimensional thermal theory, the quantifyinvolved in ~ Ns™~1.4 WAm k) andhy,~0.3 W/Am K) at ambient tempera-

Eq. (7) is the acoustically induced mass flux averaged ovefure, and they vary no more than 10% in the whole range of

the cross section of the waveguide. However, the mass fluRY" experiments. Second, the absorbing partition is removed
i 4o allow the TA instability development. By mapping the

actually depends on the radial coordinate in the form o 4 : , ,

parabolic laminar flow:'5 M(r)=M(r=0)[1—(r/r,)2]. theoretical solution of Eq(7) to the experimental tempera-
ture measured at=2H,,/3 above the threshold, and by us-

ing previous measurementshaf, (as a function off o, i.€.,

as a function ofQy) the dependence of the mass flMxon

the supplied heaD can be extracted.

The mass fluM and the coefficientbg and hy, being
known, theoretical temperature distributions satisfying Eq.
(7) can be evaluated. Two examples of theoretical fit of the
o Ukial temperature distribution are given in Fig. 4, where
of the yvayegwdg is equal t (r=0)/2. ) circles represent measured values. Solid line and dashed line

It is interesting to analyze the order of magnitude of; Fig. 4 represent mapped solutions of Ed) to tempera-
involved thermal effects. First, the thermal conduction in thetures, respectively, measured above and below the threshold
steel wall of the pipefirst term in the r.h.s. of EqS)]is  congition for TA instability. The bending of the temperature
approximately 100 times greater than thermal conduction i e ahove threshold condition indicates the presence of the

air or in ceramic stacksecond and third terms in the r.h.s. of a5 flux carrying enthalpy parallel to the waveguide axis in
Eqg. (5]. Second, in the whole range of our experiments, ity ¢jockwise direction.

has been checked that thermal conducfitirst term in the Finally, the use of mass flux measurements as function

L.h.s. of Eq.(7)] and heat leakfthird term in the Lh.s. of Eq.  of Q,, and the use of acoustic wave amplitude measurements
(7)] are of the same order of magnitude. Third, above theys functions of),, (see Fig. 2, provide the dependence bF
threshold conditionwhen a mass flux is generajedt has  as a function ofp ™|, for example. The acoustically induced
been checked that the forced convectisecond term in the mass flux per unit areM/(vrriz) (mass fluxM normalized to
L.h.s. of Eq.(7)] is at least twice greateffor the minimum  the cross-section arear? of the pipé is plotted as a func-
value of the mass flux measured near the threshold condiion of [p*|? in Fig. 5, where circles are measured values.
tion) and at the most ten times greaiéor the maximum  Error bounds in Fig. 5 correspond to minimal and maximal
measured mass flisthan both other contributionidirst or  values of the mass flux obtained from the latter mapping
third terms in the L.h.s. of E(7)]. Thereby, forced thermal process, when the:5% relative error is applied to measured
convection due to the mass fllM is the dominant effect values of all temperatures.
described in Eq(7).

Although the mass flux depends on the radial coordinate
(in the form of a parabolic laminar flowthe enthalpy flux V- MASS FLUX THEORETICAL PREDICTION
carried by the forced thermal convection is only directed In a previous papéet,a theory was proposed to predict
toward the axial coordinate. Similarly, because of the highhe acoustically induced mass flux in an annular TA engine.
thermal conductivity of steel, and because temperature grarhe purpose of this paper was to find the dominant physical
dients are only imposed in the axial direction, radial tem-pehavior of the acoustically induced mass flux. First, the
perature gradients in the wall of the pipe are weak. Enthalpgtack was assumed to be acoustically e dimensionless
flux carried by thermal conduction in steel is negligible in parametepu=kcHs<1 was supposed to be smalSecond,
the radial direction compared to its contribution in the axialthe porosity was set equal to ofié=1). From an experi-
direction. Moreover, thermal conduction in air and in ce-mental point of view, these assumptions appear too con-
ramic is negligible both in the axial and in the radial direc- straining (experimentally;u=0.42 and¢==0.8). In order to
tion compared to axial thermal conduction in steel and thertake into account these experimental constraints, an improve-
mal forced convection in the gas. Finally, except for heatment of the previous theotyis proposed in the Appendix.
leaks from external surface of the waveguide to the surfFurthermore, another improvement should be considered
roundings[Eq. (6)], thermal contributions in radial direction concerning the contribution of the anticlockwise traveling

Assuming the expected velocity of the streaniiigyof the
order of magnitude of ~10 2 m/s and using the thermal
diffusivity of air (k=2.1 10 ° m%s), the characteristic dis-
tance of thermocouple sensitivity is of the order«dbh ~2
mm<r;. Temperature measurementsrat0 thus provide
the local measuremem (r =0) of the mass flux, and the
correct value of the mass flux averaged over the cross secti
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FIG. 4. Two examples of axial temperature distributitf) in the TAcore, g1 5. Acoustically induced mass flux normalized to the cross section of
below (dashed lineQ,=45 W) and above(solid line Q=323 W) the 5 \yaveguidem/(7r?) plotted versus square of the clockwise traveling
threshold condition (ch=_130 W). Curve; are calculated using solut_lon of \vave measured amplitud@*|2. Circles with error bounds are estimated

Eq. (7), where constank is known, coefficient$is andhyy are determined 3¢5 from temperature measurements. Lines are the theoretical estimations
from temperature measurements below the ongespectively, atx  given in Sec. IV. The dashed line is the lowest approximatity of the
=—Hg2 andx=2H/3 whenM=0), and the mass fluM is extracted  mass flux induced by the clockwise acoustic wave. The solid line corre-

below the onset from temperature_measuremenMHWIS. Circles are sponds to the improved approximatidh, of the acoustically induced mass
measured values, error bounds being not shown. flux.

wave. Although the measured ratio of contrapropagating

0 (B—1)12]
waves|R|=|p~/p*|=0.47 is not negligible, the influence of ,_[_ 2 |(872¢)(Ds LHSdX-I{N *) (11)
the anticlockwise wave was not analyzed in the model de- 2.37 GPca?: 5, ngSdXTﬁ+ 1(x)

scribed in Ref. 9.
In accordance with the thedhand the Appendix, terms Theoretical estimates of mass fluxd, and M, are
proportional to the thicknesa<1 of the stack are first ne- plotted as functions ofp*|?> and compared to measured
glected(porosity ¢=0.8 is taken into accountThe theoret-  value in Fig. 5. Orders of magnitude of experimental and
ical expression for the acoustically induced mass flux petheoretical estimates are in a satisfactory agreement, the most

unit area can be derived in the form of E&14) important finding being that the acoustically induced mass
s flux dependence on acoustic wave amplit{igé|, which is
Mo=A[p"|% 8 close to quadratic, has been experimentally demonstrated.

2/¢) (c+df2) (%

2.37, 127Tpcag S,

. . . The lowest approximatioM of the theoretical acoustically
From Eq.(8), the prgd|cted mass ﬂLM,O is proportional induced mass flux appears to be insufficient to fit experimen-
to the square of acoustic pressure amplitude, where the Pros; 4ata |n contrast, the improved theoretical predictibp
portionality coefficienta is given by obtained by considering correction terms proportional to the
thickness of the stack is in a better agreement with experi-
L E) mental data. Nevertheless, the influence of the anticlockwise
Hg/ \B—1 wave has been neglected: this can explain why the predicted
e mass fluxM, is still slightly lower than the experimental
[(Tu/Te) P~ P2-1] (9  finding at high acoustic pressure amplitude.
Hg O, dxTEi(x) Thus, it can be concluded that the qualitative thermal
S model presented in this paper provides a reasonable explana-
The density of air at cold temperaturegig=1.2 kg/n?. ~ tion for the experimental observations. It should be men-
The phenomenological paramet@s=0.73" takes 